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ABSTRACT
P ulsed  NMR was used  to  d e te c t  charged d e fe c t  co n cen tra tio n s as 
ll+ -3sm all as 2  x  10 cm . An undoped n -typ e s in g le  c r y s ta l  o f  GaAs was cut
in to  se v e r a l sam ples, and NMR second moments were ob ta in ed  as a fu n c tio n
71 69 75o f  m agnetic f i e l d  o r ie n ta t io n  fo r  Ga , Ga , and As . The o n e n t a t io n -
71a l ly  dependent part o f  th e  Ga second moment i s  one h a l f  th a t expected  
from th e  d ip o la r  in te r a c t io n . An exp lan ation  i s  g iv en  based  on in t e r f e r ­
ence. between th e  d ip o la r  and th e  n e g a tiv e  pseudod ipolar in t e r a c t io n s . 
There i s  a co n tr ib u tio n  to  th e  second moment due to  the e l e c t r i c  quad- 
rupole in te r a c t io n  between n u c le i  and th e  e le c t r i c  f i e l d  g ra d ien t ( e fg )  
a s s o c ia te d  w ith  p o in t charge l i k e  d e f e c t s ,  and i t  i s  p ro p o rtio n a l to  the  
d e fe c t  co n cen tra tio n . Because th e r e  are th r e e  iso to p e s  we can se p a r a te ly  
id e n t i f y  th e  quadrupolar and pseudod ipolar second moments, and th e  pre­
fer r e d  d e fe c t  lo c a t io n .
In order to  in trod u ce  c r y s t a l l in e  d e f e c t s ,  sam ples were h e ld  at 
a con stan t tem perature (500°C, 550°C, 600°C, 700°C) in  evacuated  tubes  
and quenched to  room tem perature. The in c re a se  in  second moment i s  due 
to  th e  in crea sed  quadrupolar c o n tr ib u tio n , and i t  e s ta b l is h e s  th e  d e fe c t  
d e n s ity  fo r  each damaged sam ple. The pseudod ipolar in te r a c t io n  i s  ob­
served  t o  be independent o f  damage. Our data in d ic a te  th a t  the d e fe c ts  
are lo c a te d  on the As nuclear s i t e s , and no annealin g  was observed . We 
conclude th a t  th e  d e fe c t s  a re  As m onovacancies. An independent method
v
o f  estim a tin g  th e  d e fe c t  d e n s ity  produced by a quench i s  
agreement between th e  p re d ic te d  d e fe c t  d e n s i t ie s  and our
vi
d isc u sse d . The 
data i s  good.
I .  INTRODUCTION
T e c h n o lo g ic a lly , GaAs i s  an im portant compound th a t  i s  used  in  
th e  c o n str u c tio n  o f  many modern e le c tr o n ic  d e v ic e s . The perform ance and 
l i f e t im e  o f  th e se  d e v ice s  can depend s e n s i t iv e ly  upon th e  c r y s t a l l in e  de­
f e c t s .  One p a r t ic u la r  typ e  o f  d e fe c t  th a t  i s  thought t o  be im portant i s  
th e  vacancy. Unexplained phenomena are o f te n  a t tr ib u te d  to  v a c a n c ie s . 
However, u n lik e  im purity  atom s, t h e ir  p resen ce  i s  d i f f i c u l t  t o  d e t e c t ,  so  
t h e ir  r o le  in  c r y s ta l  p r o p e r tie s  i s  not w e ll  e s ta b lis h e d .
H all e f f e c t  measurements can d e te c t  th e  net s ig n  and d e n s ity  o f  
th e  charge c a r r ie r s  in  s o l i d s ,  and th e  c a r r ie r  co n cen tra tio n  i s  fre q u en tly  
equated w ith  th e  c r y s t a l  d e fe c t  c o n c en tra tio n . V acancies th a t  behave as 
donors or a ccep to rs  can be d e te c te d . However i f  donors and a ccep tors  
are p resen t in  id e n t ic a l  c o n c e n tr a t io n s , th e re  w i l l  be no charge c a r r ie r s .  
An undoped sample w ith  a v a n ish in g  c a r r ie r  co n cen tra tio n  would be in t e r ­
p reted  as a very  pure c r y s t a l ,  but i t  m ight co n ta in  a la r g e  number o f  
io n iz e d  d e f e c t s .
NMR measurements can supplement c a r r ie r  co n cen tra tio n  m easure­
m ents. The e x is te n c e  o f  a d e fe c t  a t  a n uclear s i t e  w i l l  d is tu r b  th e  
e le c tr o n ic  charge d is tr ib u t io n  in  th e  v i c i n i t y .  I t  w i l l  cause a n e t  change 
in  th e  e l e c t r i c  f i e l d ,  and th u s th e  e l e c t r i c  f i e l d  grad ien t ( e fg )  a t  nearby 
n u clear  p o s i t io n s .  N u cle i w ith  quadrupole moments w i l l  in te r a c t  w ith  t h is  
e f g ,  and s in c e  th e  NMR l in e  i s  s e n s i t iv e  to  sm all changes in  n u clear  energy
1
2l e v e l s ,  one may u se  NMR to  d e te c t  th e se  c r y s t a l l in e  d e fe c t s  in  GaAs. Both 
donors and a ccep to rs  d istu rb  th e  e fg  in  t h e ir  v i c i n i t i e s ,  and th e  NMR te c h ­
nique w i l l  d e te c t  th e  sum o f  th e ir  c o n c e n tr a t io n s . However, the e f f e c t  o f  
t h i s  in te r a c t io n  on th e  NMR l i n e  must he id e n t i f ie d  in  th e  p resen ce  o f  
o th er  n u clear  in te r a c t io n s .
In  III-V  compounds, th e  broadening o f  th e  NMR l in e  i s  due to
four r ig id  l a t t i c e  in te r a c t io n s .  In  p a r t ic u la r ,  th e  second moments o f
71 7  ^
th e  th r ee  is o t o p ic  s p e c ie s  in  GaAs (Ga , Ga , and As ) con ta in  c o n tr i­
b u tion s from a l l  four o f  th e se  mechanisms.
The d ip o la r  in te r a c t io n  i s  w e ll  un d erstood , and i t s  c o n tr ib u tio n
t o  th e  NMR second moment may be c a lc u la te d  t h e o r e t ic a l ly . '1' In  1957 
2 3Schulman, e t  a l .  ’ rep orted  lin e w id th s  in  undoped powder samples o f  GaAs 
la rg e r  than  th o s e  expected  from th e  d ip o la r  in te r a c t io n  a lon e . The addi­
t io n a l  broadening was a t tr ib u te d  t o  th e  in d ir e c t  exchange in te r a c t io n  be­
tween u n lik e  sp in  sy stem s. This n u c lea r  exchange in te r a c t io n  in v o lv e s  an
k-6in d ir e c t  n uclear sp in  cou p lin g  v ia  th e  hyp erfin e  in te r a c t io n  between th e  
e le c tr o n ic  and n u clear  s p in s . I t s  m agnitude depends m ainly upon th e  s 
ch aracter  o f  th e  e le c tr o n ic  wave fu n c tio n  a t th e  n u clear  p o s i t io n s .  More
7
r e c e n t ly ,  Sundfors has observed lin e w id th s  in  se v e r a l I I I -V  compounds 
u sin g  both NMR and n uclear a c o u s tic  resonance (NAR) tec h n iq u es . He id en ­
t i f i e d  th e  exchange c o n tr ib u tio n  t o  th e  second moments and, u s in g  th e  
th eory  o f  Anderson,^ th e  exchange cou p lin g  c o n sta n ts .
Another e le c tr o n  coupled in te r a c t io n  i s  the p seudod ipolar in -  
t e r a c t io n . The r o le  o f  t h is  mechanism in  th e  broadening o f  NMR l in e s  in  
III-V  compounds i s  not w e ll  e s ta b l is h e d , but a  la r g e  n e g a tiv e  pseudod ipolar
331e f f e c t  (ca n ce lin g  some d ip o la r  "broadening) has been observed  in  P 
0
resonance in  InP. The pseu d od ip olar  in te r a c t io n  w i l l  be required  to  ex­
p la in  th e  data reported  h ere . In  undamaged samples both th e  G a^  and Ga^ "*" 
NMR second moments are sm aller  than th o se  p r ed ic ted  by th e  d ip o la r  in te r a c ­
t io n  a lo n e . In  t h is  c a s e , th e  s ig n  o f  th e  p seudod ipolar cou p lin g  constant 
may be unambiguously determ ined.
GaAs has a z in c  b len d e s tr u c tu r e . This may be d escr ib ed  as
two in te r p e n e tr a t in g  fa c e -c e n te r e d  cub ic  s u b la t t i c e s ,  one con ta in in g  Ga
atom s, and th e  o th er  As. These two s u b la t t ic e s  are d isp la ced  by one 
q uarter o f  th e  cubic body d ia g o n a l. Thus each atom i s  surrounded by a 
tetrah ed ron  o f  four n ea rest neighbors on the o th er  s u b la t t i c e ,  and th e  
e fg  a t n u clear  s i t e s  i s  zero u n le s s  th e re  are l a t t i c e  d e f e c t s .  Randomly
lo c a te d  l a t t i c e  d e fe c ts  cau se  a random efg  a t n u c lea r  s i t e s  and broaden th e
NMR l i n e .
E. H. Rhoderick^ observed th e  e f f e c t s  o f  s u b s t itu t io n a l  im­
p u r i t i e s  upon NMR l in e  i n t e n s i t i e s .  The in t e n s i t y  l o s s  w ith  in c re a s in g  
im pu rity  co n cen tra tio n  i s  due t o  quadrupolar broadening caused by th e  e fg  
a s s o c ia te d  w ith  th e  im p u r it ie s . I t  was found th a t  th e  e fg  a s so c ia te d  w ith  
io n iz e d  donor or acceptor im p u ritie s  i s  la r g e r  than th a t  a s s o c ia te d  w ith  
s tr a in s  produced by n eu tra l im p u r it ie s . The ex p la n a tio n  o f  th e  s e n s i t i v i t y  
o f  th e  NMR l in e  t o  th e  io n iz e d  impurities"*"^ req u ired  anom alously la r g e  
a n t is h ie ld in g  fa c to r s  on th e  order o f  1000.
G i l l  and Bloembergen"*""*" reported  a d ir e c t  measurement o f  th e  
cou p lin g  con stan t r e la t in g  th e  components o f  an e fg  ten so r  t o  an ap p lied  
homogeneous e le c t r i c  f i e l d .  The e fg  induced a t n u clear  s i t e s  i s  caused  
p a r t ly  by a d is to r t io n  o f  th e  v a len ce  o r b ita ls  and p a r t ly  by a r e la t iv e
displacem ent o f  th e  Ga and As s u b la t t i c e s .  Taking both  e f f e c t s  in to
a ccou n t, th e  cou p lin g  con stan t was exp la in ed  u sin g  a n t is h ie ld in g  fa c to r s
o f  2k and 30 fo r  Ga and A s, r e s p e c t iv e ly .  S in ce  th e  induced e fg  i s  p ro-
- 2p o r t io n a l to  th e  e l e c t r i c  f i e l d ,  i t s  magnitude d ecreases as r  in  th e  
f i e l d  o f  a p o in t charge. In c o n tr a s t ,  th e  d ir e c t  e fg  caused by a p o in t
_ 3
charge d ecrea ses  as r  . Thus th e  quadrupolar in te r a c t io n  i s  dominated  
by th e  induced e f g .  Using t h is  induced quadrupolar in te r a c t io n  i t  i s  not 
n ecessa ry  to  in trod u ce  la r g e  a n t is h ie ld in g  fa c to r s  to  e x p la in  R hoderick's  
d ata .
7
Sundfors id e n t i f ie d  th e  e l e c t r i c  quadrupolar c o n tr ib u tio n  to  
th e  NAR lin e w id th s  in  samples o f  known c a r r ie r  co n cen tra tio n . Comparing 
h is  measured lin e w id th s  t o  th o se  p r ed ic ted  by a s im p lif ie d  th eory  o f  th e  
induced quadrupole in te r a c t io n  lin e w id th , in  which th e  number o f  charge 
cen ters  i s  s e t  equal to  th e  c a r r ie r  c o n c e n tr a tio n , he ob ta in ed  order o f  
m agnitude agreement w ith  th e  measurements o f  G il l  and Bloembergen.
In t h i s  re sea rch  i t  i s  dem onstrated th a t  NMR lin e w id th s  can be 
used t o  measure low co n cen tra tio n s o f  charged d e fe c ts  in  s in g le  c r y s ta ls  
o f  GaAs. This i s  done w ith  c a r e fu l measurements o f  NMR second moments as 
a fu n c tio n  o f  m agnetic f i e l d  o r ie n ta t io n  fo r  a l l  th r e e  i s o to p ic  s p e c ie s .  
In d iv id u a l c o n tr ib u tio n s  from th e  four broadening in te r a c t io n s  are iden­
t i f i e d ;  and, u s in g  an improved e fg  m odel, i t  i s  shown th a t  th e  f i r s t  order  
quadrupolar c o n tr ib u tio n  i s  p rop ortion a l t o  th e  charged d e fe c t  concentra­
t io n .  Thus t h i s  co n cen tra tio n  can be measured by th e  quadrupolar c o n tr i­
b u tio n  to  th e  second moment.
D efect co n cen tra tio n s  in  se v e r a l samples are a lte r e d  by su b je c t­
in g  th e  samples to  therm al damage. The p ro cess  i s  s im ila r  to  th a t  o f  P o tts
512and Pearson , but th e se  damage tem peratures are fa r  lo w er , producing
1^4* -3  2.8 «»3few er d e fe c t s  (on th e  order o f  2 x 10 cm" , compared to  t h e ir  10 cm” ) .
With in c r e a s in g  damage, an in c r e a se  in  th e  quadrupolar co n tr ib u tio n  to
th e  second moment i s  observed . The charged d e fe c t  d e n s ity  measured agrees
w ith  a thermodynamic c a lc u la t io n  o f  th e  d e n s ity  o f  charged As m onovacancies
th a t  one ex p ects  t o  be produced.
A rep ort o f  t h i s  experim ent fo llo w s . In th e  next s e c t io n ,  th e
t h e o r e t ic a l  second moment ex p ress io n  fo r  th e  GaAs l a t t i c e  i s  ev a lu a ted .
Then th e  experim ental d e t a i l s  are g iv en  in  S e c tio n  I I I .  The a n a ly s is  o f
th e  experim ental data  i s  d escr ib ed  in  S e c tio n  IV. F in a l ly ,  a  d is c u ss io n
o f  th e  r e s u lt s  and a summary are g iv en  in  S ec tio n s  V and VI.
I I .  THEORY
Consider two d if f e r e n t  n u c le a r -sp in  system s w ith  n u c le i having  
sp in  angular momentum and , and non-overlapp ing reson an ces. The
resonance experim ent i s  performed on th e  sp in s I .  We assume th a t the  
resonance i s  broadened by th e  fo llo w in g  four in te r a c t io n s :  d ip o la r , pseu­
d od ip o la r , exchange, and quadrupolar. The second moment o f  th e  resonance  
l in e  i s  c a lc u la te d  from th e  e x p r ess io n  g iven  by van Vleck1
(1 )
where %  i s  th e  system  h a m ilto n ia n , and I  i s  th e  t o t a l  sp in  operator  
p ro p o rtio n a l to  th e  observed m agn etiza tion .
7
Follow ing th e  n o ta tio n  o f  S un dfors, we w r ite  th e  system  ham il-
to n ia n  as
where % > r  and are th e  Zeeman en er g ie s  fo r  th e  I and S s p in s , r e s ­
p e c t iv e ly .  We may combine th e  tru n ca ted  d ip o la r  and pseudod ipolar in te r ­
a c t io n ^  term s as
■ f  <3a)
i > i  - -
6
+ % s  =  l +  X S S i i ' z y f S ;  S j  )  f^C<9; j ) Y [ ^  (3b)
yoK+Ht^iM'llG+ZjlA* E f o x) n - z 3 (30
• i i  * >
where 0,'j i s  th e  pseudod ipolar cou p lin g  con stan t fo r  l ik e  sp in s X  >
g . j  i s  th e  pseudod ipolar cou p lin g  con stan t fo r  l i k e  sp in s  5  >
th e  pseudod ipolar cou p lin g  con stan t fo r  u n lik e  sp in s  X and 5  , and
"fchi s  th e  displacem ent v e c to r  from th e  i  n u clear  s i t e .  The second Legendre 
polynom ial i s  w r itte n  as Pg( 0  ^ ) ,  where 0  ^  i s  th e  an g le  between  
and th e  Zeeman f i e l d .  The exchange term s may be w r itte n
(3d)
*>s
(3 f )
i s , ,
where A i i  i s  th e  exchange cou p lin g  con stan t fo r  l i k e  sp in s  X  , A / i  i s
x . .th e  exchange cou p lin g  con stan t fo r  l i k e  sp in s  S  , and 'w j  i s  th e  exchange 
cou p lin g  con stan t fo r  u n lik e  sp in s  X  and 0  • l^ he quadrupolar term  
can be w r itte n
H r = A £ ( 3 l , * - l D V ^
8where \ 4 i  i s  th e  e fg  a t  nuclear s i t e  ^ , and A = eQ  ^[1*1(21 -  l ) ] - 1 , 
where i s  th e  e l e c t r i c  quadrupole moment o f  th e  sp in s I .
By combining Eqs. ( l ) ,  ( 2 ) ,  and ( 3 ) ,  and n e g le c t in g  th e  Zeeman 
terms i n ^ - ,  one o b ta in s  th e  ex p ress io n  fo r  th e  NMR second moment
< a H 2> =  t
+ 3,s ( s+0^ I jA j  . <!*)
Because th e  Zeeman term s have been n e g le c te d , t h i s  i s  th e  e x p r ess io n  for  
th e  second moment about th e  cen ter  frequency o f  th e  resonance l i n e .
The l a t t i c e  s m s  in  th e  d ip o la r  and p seudod ipolar term s o f  
Eq. (b )  may be sep arated  in to  two p a r t s ,  one o f  which co n ta in s  no pseudo­
d ip o la r  coup lin g  c o n sta n ts . Consider ju s t  th a t  sum fo r  l i k e  sp in  broaden­
in g . This may be w r itte n
(5)
The f i r s t  sum on th e  r ig h t  s id e  o f  Eq. (5 )  co n ta in s th e  p seudod ipolar con­
t r ib u t io n  to  th e  second moment and th e  in te r fe r e n c e  term between th e  d i ­
polar and p seudod ipolar in te r a c t io n s .  The second sum i s  j u s t  th e  d ip o lar  
c o n tr ib u tio n  in  th e  p resen ce  o f  zero pseudod ipolar in te r a c t io n s .  This sum
9may be perform ed, and fo r  th e  z in c  b lende l a t t i c e  i t  has the form'*'
H j  = 8 [a + b(nf+n£+r\|)]^ ( 6 )
where , and 7?2 are th e  d ir e c t io n  c o s in e s  o f  th e  Zeeman f i e l d
in  th e  c r y s t a l l in e  coord in ate  system . When th e  sum i s  performed over nu­
c le a r  s i t e s  on th e  fe e  s u b la t t ic e  c o n ta in in g  th e  sp in s I ,  Sundfors computes
a = 256 and b = -118  a Q~^» where a^ i s  th e  l a t t i c e  c o n sta n t. For
- 6  -6th e  non-resonant s u b la t t ic e  he computes a ' = 2^91 Bq and b ’ =-2390 a^
I f  th e  m agnetic f i e l d  i s  r o ta ted  in  th e  (110) p la n e , and 0 i s
d efin ed  as th e  a n g le  between th e  [110] d ir e c t io n  and th e  Zeeman f i e l d ,  then
2 = I —  (T)YV+ny+ni  | -  f ( e ) ,
where f ( 0 )  = 2 cos 2 e  -  |  COS11 0 .  Combining Eqs. (6 )  and (7 ) we may 
w r ite  th e  d ip o la r  sum in  term s o f  f (© )_ ,
21. =  X + Y f  <e> j (8)
where X = (a + b ) /8 ,  and Y = - b /8 .  The d ip o la r  co n tr ib u tio n  to  th e  NMR
second moment th u s con ta in s an is o tr o p ic  p a r t , X, and a p art dependent
upon th e  m agnetic f i e l d  d ir e c t io n , Y.
We co n sid er  now th e  f i r s t  sum on th e  r ig h t  hand s id e  o f  Eq. ( 5 ) .
5
The e le c tr o n  coupled pseudod ipolar in te r a c t io n  i s  extrem ely sh ort range, 
and we assume th a t  on ly  n ea rest neighbors in te r a c t .  Thus th e  f i r s t  sum 
in  Eq. ( 5 ) v a n ish es because a sum over l i k e  sp in s  does not co n ta in  the
10
n ea rest neighbor s h e l l .  However, th e  corresponding term  in  th e  ex p ress io n  
fo r  u n lik e  d ip o la r  and p seudod ipolar broadening does co n ta in  th e  n ea rest  
neighbor s h e l l .  The c o e f f ic i e n t s  B,-j are independent o f  and may be
fa c to r e d  out o f  th e  sum. The p seudod ipolar term s become
(9 )
where e w  i s  th e  n ea rest neighbor pseudod ipolar coup lin g  c o n sta n t. With
t h i s  n ea rest neighbor approxim ation, th e  pseudod ipolar term s have th e  same
o r ie n ta t io n  dependence as th e  angular part o f  th e  d ip o la r  c o n tr ib u tio n  to
th e  second moment, but th ere  i s  no is o tr o p ic  p seudod ipolar c o n tr ib u tio n .
In order to  ev a lu a te  th e  quadrupolar co n tr ib u tio n  to  the second
moment we req u ire  a s p e c i f ic  model fo r  th e  e fg  te n so r . The e fg  a s s o c ia te d
w ith  c r y s t a l l in e  s tr a in  i s  much sm aller  than th a t  caused by charged im puri- 
7 9t i e s  and may be n e g lec ted  when both  are p r e se n t. Thus we assume th a t  
th e  e fg  i s  due e n t ir e ly  to  th e  e le c t r i c  f i e l d  o f  charged c r y s t a l l in e  de­
f e c t s .  The gen era l ten so r  r e la t io n s h ip  between th e  components o f
» .
11 ll+th e e fg  ten so r  and th e  a p p lied  e l e c t r i c  f i e l d  components i s  g iven  by 5
V i  = Hfc RijkE* d o )
where i s  a th ir d  rank t e n s o r . In th e  z in c  b lende c r y s t a l l in e  coor­
d in a te  system  Eq. (10) may be w r itte n 1 "’
V -  - R
o
O E x
E y E x
(n)
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where i s  th e  magnitude o f  th e  non-van ish in g  ten so r  components.
The component o f  V in  th e  se c u la r  part o f  th e  quadrupole h am il-  
to n ia n  (th a t part which commutes w ith  th e  Zeeman ham ilton ian ) i s  n*V*n, 
where n- i s  th e  u n it  v ec to r  in  th e  d ir e c t io n  o f  th e  Zeeman f i e l d .  We f in d
n- V- n = -2 R w(»'yniEx+fl*niEy+nKn),Et)_ ( 1 2 )
Since most o f  th e  n u c le i  a f fe c te d  "by a g iv en  im purity l i e  o u ts id e  th e  
f i r s t  few near neighbor s h e l l s ,  we use th e  s t a t i c  m acroscopic d ie le c t r i c
z- 16constan t ^  t o  approximate th e  e le c tr o n ic  sc re e n in g . Thus th e  e l e c t r i c  
f i e l d  a t  a d isp lacem ent It? from a s in g le  im purity o f  e f f e c t iv e  charge e* i s
E -  (13)
Combining Eqs. (12) and (13) w ith  th e  l a s t  term in  Eq. ( h ) , we o b ta in  an 
exp ression  fo r  th e  quadrupolar c o n tr ib u tio n  to  th e  second moment fo r  a 
s in g le  im purity
(HO
Due t o  th e  l a t t i c e  symmetry o f  GaAs, summations over term s x > Xj Zj* an<*
2 2 2y^Zj v a n ish , and summations over terms x ^ , y j , and are eq u a l. Using  
th e se  and th e  p r o p e r tie s  o f  d ir e c t io n  c o s in e s  we may r e w r ite  Eq. (lH )
i
12
We assume th a t N^ . charged d e fe c t s  occur randomly on one sub­
l a t t i c e .  Each co n tr ib u te s  to  th e  second moment in d ep en d en tly , so th e  
quadrupolar second moment ex p ressio n  becomes
- 4
(1 6 )< * H %  - |C«(I+|)-3J (etir J$ 0 ri
J
where th e  r a t io  o f  d e fe c t  d e n s ity  to  n u clear  d e n s ity  ^  bas rep laced
th e  r a t io  N i/N  . This c o n tr ib u tio n  has th e  same angular dependence as
th e  p seu d od ip o lar  second moment. Both van ish  when 0 S  ^  , where th e
Zeeman f i e l d  i s  a lig n e d  w ith  th e  [OOlj d ir e c t io n . The maximum quadrupolar
broadening occurs a t  &= c o & ' C l / f S  )  , where th e  Zeeman f i e l d  i s  a lig n ed
w ith  th e  [ i l l ]  d ir e c t io n .
We have c a lc u la te d  th e  l a t t i c e  sum over r~^ in  Eq. ( l 6 ) .  The
d is c r e t e  sum was performed over  a cube w ith  an edge s i z e  o f  l 6  a^. An
in te g r a l  was performed over th e  remainder o f  th e  sam ple. The r e s u l t  o f
-kt h i s  c a lc u la t io n  i s  33 .75  &q fo r  im p u r it ie s  lo c a te d  on th e  same su b la t­
t i c e  as th e  n u clear  sp in s  I ,  and 63 .31  aQ_  ^ *or  bhe im p u r it ie s  lo c a te d  on 
th e  o th er  s u b la t t i c e .  Thus, th e  average e fg  i s  d if f e r e n t  fo r  n u c le i  on 
d if f e r e n t  s u b la t t ic e s  i f  th e  d e fe c t s  have p r e fe r e n t ia l  s i t e s .  One may 
th en  use th e  experim ental quadrupolar c o n tr ib u tio n s  to  th e  second moment 
t o  determ ine th e  p referred  d e fe c t  s i t e s .
I I .  EXPERIMENT
The fr e e  in d u ction  decay (FID) fo llo w in g  a s in g le  90° p u lse  
was observed  fo r  each o f  th e  th r e e  n u clear  iso to p e s  as a fu n c tio n  o f  mag­
n e t ic  f i e l d  o r ie n ta t io n . The NMR probe i s  c y l in d r ic a l  in  shape, and i t  
may be r o ta te d  in  th e  m agnetic f i e l d .  The GaAs c r y s ta l  was p laced  in  th e  
probe w ith  i t s  [110] a x is  p a r a l le l  t o  th e  sample c o i l  and th e  probe c y l in ­
d r ic a l  a x es . The probe was p laced  in  th e  m agnetic f i e l d  w ith  i t s  r o ta t io n
a x is  p erp en d icu lar  to  th e  l in e s  o f  f lu x .  In t h i S ’v a y , a r o ta t io n  o f  th e
‘ *  —
probe can a l ig n  th e  major c r y s ta l  symmetry axes ( [0 0 1 ] ,  [1 1 0 ] , and [ i l l ] )  
w ith  th e  m agnetic f i e l d .
N ext, th e  [001] a x is  was a lig n e d  w ith  th e  m agnetic f i e l d  u sin g  
th e  FID as th e  alignm ent t o o l .  With th e  m agnetic f i e l d  in  th e  [001] 
d ir e c t io n , th e  FID does not c r o ss  th e  b a s e l in e ,  and th e  decay tim e i s  
g r e a te r . The l in e  shape i s  thus d if f e r e n t  from th o se  a t o th er  o r ie n ta -
69t io n s ,  and th e  alignm ent i s  e a s i l y  a t ta in e d . A comparison o f  th e  Ga FID 
in  two o r ie n ta t io n s  i s  shown in  F ig . 1 . The [001] o r ie n ta t io n  o f  th e  probe 
was g iv en  th e  angular d e s ig n a tio n  9 0 ° , corresponding to  th e  angle  O  de­
f in e d  in  Eq.. (7 ) .  A study o f  a g iven  iso to p e  c o n s is te d  o f  th e  ob serv a tio n  
o f  i t s  FID in  l 6  probe o r ie n ta t io n s  ranging from -1 0 °  to  110°.
A thorough study o f  each iso to p e  was made fo r  each sam ple. Then,
one a t a t im e , th e  samples were th erm a lly  damaged. In th e  2h hours f o l -
75low ing th e  damage, th e  As FID was observed  in  two m agnetic f i e l d
13
Figure 1
1^
, G a^  FID where Hq i s  a lig n e d  w ith  a) th e  [OOl] d ir e c t io n , and
b) th e  [ i l l ]  d ir e c t io n .
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o r ie n ta t io n s  as a fu n c tio n  o f  t im e . The purpose o f  t h is  procedure was to
75d e te c t  room tem perature annealin g  o f  th e  damaged sam ple. The As FID was
s e le c te d  fo r  t h is  o b serv a tio n  b ecau se , o f  th e  th r ee  i s o t o p e s ,  i t  has th e
sh o r te s t  lo n g itu d in a l r e la x a t io n  t im e , T  ^ (approxim ately  .2  s e c . ) .  Thus 
75th e  As FID cou ld  be s ig n a l averaged s u f f i c i e n t l y  in  a sh o r ter  p er io d  o f  
t im e , a llow in g  more frequ en t sampling in  th e  2h hour p er io d . F ollow in g  
t h i s  i n i t i a l  procedure, th e  m agnetic f i e l d  o r ie n ta t io n  study was rep eated  
fo r  each is o to p e .
A. Sample P reparation
The experim ent was performed on s e v e r a l n -typ e s in g le  c r y s ta ls  
o f  GaAs, s l i c e d  from a s in g le  undoped, boat grown in g o t purchased from 
th e  Monsanto Company. The p r o p e r tie s  o f  th e  in g o t  were su p p lied  by
3
Monsanto as fo llo w s :  r e s i s t i v i t y ,  2 .7  x 10 ohm-cm; c a r r ie r  con cen tra -
11 —3 3 2 —I —1t io n ,  2 .k  x 10 cm ; e le c tr o n  m o b il i ty ,  2 .7  x  10 cm v o l t  sec  ; and
_p
etch  p i t  d e n s i ty ,  4.2 x 10 cm . A 50 m icron diamond saw was used  to  cut 
th e  in g o t in to  s e v e r a l samples o f  n ea r ly  equal s i z e ,  about 0 .5  cm by 0 .5  
cm by 1 .0  cm.
In  a d d it io n , an n -typ e  s i l i c o n  doped s in g le  c r y s t a l  o f  GaAs was 
a ls o  s tu d ie d . The purpose o f  t h i s  study was to  compare th e  known c a r r ie r  
co n cen tra tio n  w ith  our measurement o f  d e fe c t  d e n s ity . The fo llo w in g  pro­
p e r t ie s  were measured by th e  m anufacturer, E le c tr o n ic  M ater ia ls  Corpora­
t io n :  r e s i s t i v i t y ,  3 x  10~^ ohm-cm; c a r r ie r  c o n c e n tr a tio n , 1+ x 10^  cm
3 2 —1 —1  ^ —2e le c tr o n  m o b il i ty , 5 x 10 cm v o lt  sec ; e tc h  p i t  d e n s ity ,  8 x  10 cm .
In  order t o  produce a c o n tr o lle d  vacancy co n cen tra tio n  in  th e
undoped sam p les, therm al damage was done u s in g  th e  method o f  P o tts  and
16
12 17P earson. * The sample was se a le d  in  an evacuated  vycor v e s s e l .  The
- 3
p ressu re  w ith in  th e  v e s s e l  was l e s s  than 10 Torr. This v e s s e l  was then  
p la ced  in  a c y lin d r ic a l  oven , and h e ld  a t  a con stan t e le v a te d  tem perature  
fo r  2k hours a f t e r  which i t  was q u ick ly  c o o le d . A sep a ra te  therm ocouple 
showed th a t  th e  oven c o n tr o lle r  m aintained th e  d e s ir e d  tem perature w ith in  
5°C. The c o o lin g  took  p la c e  when th e  se a le d  v e s s e l  was removed from the  
oven and l e f t  t o  stand  in  th e  room a ir .  This quench th u s occurs over a 
10 to  15 m inute p er io d . A lo n g  quench p er iod  was used to  avoid  any macro­
sco p ic  damage due t o  uneven c o o lin g  o f  th e  la r g e  c r y s t a ls .
18Io n ic  m o b il i t ie s  in  GaAs a t th e se  tem peratures are q u ite  low , 
so th e  vacancy co n cen tra tio n  caused by su b lim ation  o f  As or Schottk y  de­
f e c t s  i s  not expected  to  depend upon th e  p er io d  o f  th e  quench. However, 
Frenkel p a ir s  may recombine q u ic k ly , and th e  lo n g er  quench p er io d  used might 
s u b s t a n t ia l ly  reduce t h e ir  c o n c en tra tio n .
B. P u lsed  NMR Spectrom eter
NMR measurements were made w ith  a p u lsed  NMR system  shown in  b lock  
diagram form in  F ig . 2 . The m aster o s c i l l a t o r ,  r f  g a tin g  and p h a sin g , and
19phase d e te c t io n  are id e n t ic a l  to  th o se  c i r c u i t s  d escr ib ed  by E l l e t t ,  e t  a l .  
as spectrom eter B.
The c o n tr o l o f  th e  experim ent tim in g  i s  provided  by a p u lse  pro­
grammer d esign ed  and con stru cted  in  t h i s  la b o r a to r y . This p u lse  program­
mer i s  capable o f  gen era tin g  a r e p e t i t iv e  sequence o f  up to  16 s te p s  in  
le n g th , where e ith e r  a p u lse  or a tim e d e lay  sep a ra tin g  p u lse s  i s  con sid ­
ered a s te p . F u rth er , i t  may be programmed t o  in te r r u p t a g iv en  sequence
Figure 2 . B lock diagram o f  p u lsed  NMR spectrom eter.
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a f te r  a s p e c if ie d  number o f  s te p s  by u s in g  e i th e r  or both o f  two in te r n a l  
s te p  cou n ters . The com bination o f  th e se  fe a tu r e s  makes th e  programmer 
very  v e r s a t i l e .  I t s  d esign  rep resen ts  unreported work, so  a ra th er  de­
t a i l e d  d e s c r ip t io n  i s  found in  Appendix A.
The power a m p lif ie r  was an NMR S p e c ia lt ie s  Model P-103R. I t  
c o n s is t s  o f  two gated  s ta g e s . The tu b e g r id s  o f  each s ta g e  are norm ally  
h eld  a t -1 5 0  v o l t s ,  keeping th e  tu b es non-condu ctin g . A g r id  g a tin g  p u lse  
tr ig g e r e d  by th e  p u lse  programmer r a is e s  t h i s  dc b ia s  to  0 v o l t s  as th e  
low l e v e l  r f  p u lse  i s  a m p lif ie d . A m p lif ica tio n  i s  damped q u ic k ly  at th e  
end o f  th e  p u lse  by re tu rn in g  th e  g r id s  to  -150  v o l t s .  In  t h i s  e x p e r i­
ment th e  power a m p lif ie r  was broad-banded t o  y ie ld  1 .6  k ilo w a tt  p u lse s  
w ith  10$ to  90$ r i s e  and f a l l  tim es l e s s  than 1 m icrosecond a t 1^ .5  MHz.
The r f  p r e a m p lifie r  and s ig n a l  duplexer are th o se  design ed  by
20Lowe and Tarr, m od ified  fo r  a 50 ohm system . The p r e a m p lifie r  c o n s is t s  
o f  two s ta g g er -tu n ed  tube (7788) s ta g e s . There i s  no g a tin g  to  p r o tec t  
i t  from p u lse  o v erd r iv e . The broad-band tu n in g  a llow s a f a s t  r e co v ery ..
At lU .k  MHz th e  ga in  was ^  200 and th e  bandwidth was <^1 MHz.
A cab le  e x a c t ly  one quarter w avelength  long  has th e  p roperty  
th a t  th e  impedance o f  th e  c a b le  w ith  th e  fa r  end shorted  appears very  
la r g e  and r e s i s t i v e .  I t  i s  t h i s  property  th a t  i s  u sed  in  th e  dup lexer  
shown in  F ig . 3 . The quarter w avelength cab le  a t  th e  power a m p lif ie r  does
not a f f e c t  th e  r f  p u l s e s , but serv es  to  e lim in a te  low  frequency n o is e  from
th e  output o f  th e  power a m p lif ie r . The power a m p lif ie r  d r iv es  a h a lf  
w avelength c a b le  th a t  i s  tem ninated in to  a d iode shunt a t A. From th ere
F igure 3. Schem atic o f  S ig n a l D uplexing.
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another h a lf  w avelength ca b le  connects t o  th e  probe. There i s  another  
quarter wave c a b le  between th e  d iode shunt a t A and a d iode sh ort lo c a te d  
a t th e  p rea m p lifier  input B. I t  i s  t h i s  quarter wave cab le  th a t  enables  
th e  op era tio n  o f  th e  d u p lexer . When th e  power a m p lif ie r  i s  on , both s e t s  
o f  d iod es are con d u ctin g . The d iode short a t B i s  r e f le c t e d  as a la r g e  
impedance a t A. Thus th e  r f  power i s  channeled t o  th e  probe. A fter  th e  
r f  p u lse  damps th e  d io d es no lon ger  conduct. The d iode shunt at A then  
p r e sen ts  a h igh  impedance path  to  th e  power a m p lif ie r . Thus th e  NMR s i g ­
n a l from th e  probe i s  d ir e c te d  to  th e  p r e a m p lif ie r . The h a l f  w avelength  
c a b les  m inim ize th e  e f f e c t  o f  an impedance mismatch between tr a n sm itte r  and 
probe, and a lso  ensure th a t  th e  d iode short a t B does not appear across  
th e  c o i l .^ "
The s in g le  c o i l ,  s e r ie s  tuned probe used was c y l in d r ic a l  in  
shape, a llow in g  a r o ta t io n  w ith in  th e  m agnetic p o le  gap. The probe i s  
shown in  F ig . It. The i n i t i a l  d esign  in c lu d ed  a v a r ia b le  h ig h -v o lta g e  
ca p a c ito r  u s in g  t e f lo n  as th e  d i e l e c t r i c .  T his was to  enable th e  probe 
t o  be c o n tin u o u sly  tu n ab le  over a range o f  approxim ately 5 MHz. Unfor­
tu n a te ly  th e se  c a p a c ito r s  cou ld  not w ith stan d  th e  r f  power. Thus tun ing  
was ach ieved  o n ly  by removing tu rn s from th e c o i l  or changing 6 kV f ix e d  
ceram ic c a p a c ito r s . At reson an ce, th e  probe impedance was 50 ohms, and 
th e  probe q u a lity  fa c to r  was approxim ately 5 .
The probe c o i l s  were con stru cted  w ith  #2k gauge copper w ir e .
They were roughly 3A  inch  in  len g th  w ith  27 tu r n s . A t e f lo n  c o i l  form 
was turned from a 1 /2  inch  diam eter rod . I t  was sprayed w ith  a s i l i c o n  
mold lu b r ic a n t , and th e  c o i l  was wound on i t  s e c u r e ly . Then a f a s t  s e t ­
t in g  epoxy (H ysol 608 ) was a p p lied  to  th e  c o i l .  A fter  15 m inutes the
21
Figure S e r ie s -tu n ed  S in g le  C oil Probe. The copper rods axe for  
m echanical support and e l e c t r i c a l  ground.
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epoxy was Bet, and th e  c o i l  was removed from the form. This provided  a 
uniform  and v i r t u a l ly  in d e s tr u c ta b le  c o i l .
R e c a llin g  th e  sample s i z e ,  one s e e s  th a t  th e  f i l l i n g  fa c to r  i s
not as good as i t  might b e , but th e  FID s ig n a l  i s  s u f f i c i e n t ,  and th e  r f
hom ogeneity i s  e x c e l le n t .  The from a 2 k ilo w a tt  p u lse  i s  <"\>75 g a u ss ,
making th e  p u lse  len g th  fo r  a 90° n u ta tio n  o f  th e  G a^ n u c le i  about
3 .3  JJ^sec. At lU.U MHz th e  recovery  o f  th e  spectrom eter i s  /v  6 J \  s e c ,
69making th e  t o t a l  b lo ck in g  tim e 10 J X sec  fo r  a Ga FID. This i s  about 
5% o f  th e  tra n sv e r se  r e la x a t io n  tim e T^.
Because th e  sample i s  p i e z o e l e c t r ic ,  an unwanted tr a n s ie n t  s ig ­
n a l i s  produced fo llo w in g  th e  r f  p u ls e . W ithout s p e c ia l  p reca u tio n s t h is  
d is to r te d  approxim ately th e  f i r s t  100 m icroseconds o f  th e  FID. I t  was 
su g g ested  th a t such n o is e  may be damped by p la c in g  th e  samnle in  con tact  
w ith  a f lu id  o f  appropriate  v i s c o s i t y .  However i t  was e a s ie r ,  and ju s t  as 
e f f e c t i v e ,  to  surround th e  sample by a Faraday s h ie ld .  The mylar s tr ip  
was removed from a m e ta ll iz e d  m ylar c a p a c ito r , en c lo sed  in  in s u la t in g  ta p e ,  
and wound c lo s e ly  around th e  sample c o a x ia l ly  w ith  th e  r f  c o i l .  This r e ­
duced both  th e  am plitude and th e  du ration  o f  th e  p ie z o e le c t r ic  n o ise  by 
an order o f  m agnitude.
The s ig n a l  t o  n o ise  r a t io  (S/N ) o f  th e  i n i t i a l  p art o f  th e  FID 
fo llo w in g  each 90° p u lse  was approxim ately  1 0 , too  sm all fo r  accu rate  de­
term in a tio n  o f  th e  l in e w id th s . So 5000 FID’s were s ig n a l  averaged to  
y ie ld  a S/N o f  over 700. The c o n tr o l in stru m en tation  used  to  average th e  
incom ing data was d esign ed  and assem bled in  t h i s  la b o r a to r y . This system  
i s  unreported , so a more d e ta ile d  d e s c r ip t io n  i s  found in  Appendix B.
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B r ie f ly  d esc r ib e d , th e  FID undergoes a n a lo g - t o - d ig i t a l  con version  
in  an 8 b i t  c o n v e r te r , a m od ified  Computer Labs Model HS-802, a t  a r a te  o f  
up t o  5 MHz. Because t h i s  r a te  i s  to o  g rea t fo r  d ir e c t  computer s to r a g e , 
th e  data  fo r  a s in g le  FID (102^ e ig h t  b i t  words) are s to red  in  a b u ffe r  
memory. Subsequent tr a n sfe r  to  a D ig i t a l  Equipment Corp. PDP 8 /e  m in i­
computer ta k es  p la c e  during th e  NMR lo n g itu d in a l  r e la x a t io n  t im e , , a t  
a r a te  s e t  by th e  computer. The computer m ain ta ins s to ra g e  o f  th e  most 
recen t FID and th e  accumulated sum. E ith er  o f  th e se  may be d isp la y ed  on 
an o s c i l lo s c o p e  during T^. When 5000 FID's have occu rred , th e  computer 
tr a n s fe r s  t h e . accumulated data  onto a n in e  tr a c k , in d u stry  com patible  
m agnetic ta p e . The a n a ly s is  o f  th e  d ata  was perform ed w ith  an IBM 360/50  
computer.
The m agnetic f i e l d  was provided by a Varian V-3900 electrom agnet 
and power supply equipped w ith  Mark I F ie ld ia l  s t a b i l iz a t io n .  This s y s ­
tem was easy  t o  ad ju st and s t a b le ,  d r i f t in g  l e s s  than 200 m il l ig a u s s  in  
e ig h t  hours a f t e r  warmup. M agnetic f i e l d  d r i f t  was m onitored w ith  th e  
dual phase s e n s i t iv e  d e te c to r . At reson an ce, th e  FID component in  quadra­
tu r e  w ith  th e  tra n sm itte r  r f  i s  zero . S l ig h t ly  o f f  reson an ce, t h i s  com­
ponent changes d r a m a tica lly  even though th e  in -p h ase  component i s  not ob­
served  to  change. I t  th u s p rov id es a s e n s i t iv e  measure o f  th e  m agnetic  
f i e l d ,  and i t s  u se  fo r  t h i s  purpose in su r es  th a t  no FID d is to r t io n  i s  
caused by m agnetic f i e l d  d r i f t .
IV. ANALYSIS
A. D eterm ination  o f  I s o tr o p ic  and Angular Dependent P arts  o f  Second
can be determ ined from th e  tim e d e r iv a t iv e s  o f  th e  FID a t t  = 0 by u sin g  
th e  r e la t io n
t iv e s  cannot be measured th e re  d ir e c t ly .  One method o f  o b ta in in g  second  
moments from th e FID i s  t o  f i t  th e  v i s i b l e  p art to  an a n a ly tic  fu n c tio n  and 
t o  e x tr a p o la te  back to  t  = 0 in  order to  ev a lu a te  th e  d e r iv a t iv e s .  The 
accuracy o f  t h i s  m ethod, o f  c o u r se , depends upon th e  a b i l i t y  o f  th e  func­
t io n  t o  d escr ib e  a c c u r a te ly  th e  FID.
2kWe used a l e a s t  squares f i t t i n g  r o u tin e  t o  f i t  th e  FID w ith  
two fu n c t io n s . The Abragam fu n c tio n
Moments
22Lowe and Norberg have shown th a t  th e  moments o f  th e  NMR l in e
3Co) V cH5n /f=o , (17)
where i s  th e  2 n ^  moment and g ( t )  i s  th e  FID. However, th e  t  = 0
23p o in t i s  p r e c is e ly  in  th e  cen ter  o f  th e  r f  p u ls e , and the FID d e n v a -
“ exp(*©£t//£)si,n @t/£t (18 )
19 25was found to  approximate th e  F fr e e  in d u ctio n  decay in  CaF2 very  w e l l .
2k
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Our data appear q u a l i t a t iv e ly  s im ila r  to  th e  f lu o r in e  FID. However, when
th e  Abragam fu n c tio n  was f i t  t o  GaAs F ID 's , th e re  were sy stem a tic  d e v ia -
r
t io n s .  F igure 5 shows th e  g e n e r a lly  u n s a t is fa c to r y  ch aracter  o f  th e  f i t s  
o f  t h i s  fu n c tio n . The Abragam fu n ctio n  i s  s u c c e s s fu l  in  d e sc r ib in g  th e  
FID shape o f  a  sp in  1 /2  system  broadened o n ly  by th e  l ik e - s p in  d ip o la r  
in te r a c t io n . I t  i s  a p aram etr iza tion  w ithout r igorou s t h e o r e t ic a l  founda­
t io n ,  but which works w e ll  in  CaF^. In  th e  p resen ce  o f  o th er  n u clear  i s o ­
to p es  and oth er  broadening m echanism s, th e re  i s  l i t t l e  reason to  expect  
th a t  th e  Abragam fu n c tio n  would con tin u e t o  f i t  th e  FID.
However, i f  th e  quadrupole in te r a c t io n  i s  the c h ie f  reason  th a t  
th e  Abragam fu n c tio n  f a i l s ,  then  one can argue in  favor o f  another fu n c­
t io n a l  form th a t  does f i t  w e ll  to  th e  GaAs FID. For h a lf  odd in te g r a l  
sp in s th e  f i r s t  order e f f e c t  o f  an e fg  i s  to  le a v e  th e  t r a n s i t io n  between  
th e  1 /2  to  - 1 /2  energy l e v e l s  unchanged and to  s p l i t  th e  o th er  t r a n s it io n s  
in to  s a t e l l i t e s .  I f  th e  e fg  i s  random t h i s  le a v e s  th e  c e n tr a l component o f  
th e  l i n e  u n a ffe c te d  w h ile  th e  remainder o f  th e  l in e  broadens. Thus th e  FID 
has a f a s t  decaying component a r is in g  from th e  s a t e l l i t e s  and a slow er de­
caying component a r is in g  from th e  c e n tr a l component. The GaAs FID may be 
b e t te r  d e scr ib ed  by a sum o f  two Abragam fu n c tio n s . The fu n c tio n
<j(t) = [ i .  txp(-«H‘/z ) + Ia z*p(~aliVe)]s'm(3t/{3t (19)
agrees w e ll  w ith  th e  observed  FID. This i s  shown in  F ig s . 6 and J .  The
angular frequency second moment o f  a FID d escrib ed  by Eq. (19) i s
2 6
Figure 5. Ga^9 FID and b e s t  fu n c tio n a l f i t  u s in g  Abragam fu n c tio n .
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Figure 6 . As"^ FID's and fu n c tio n a l f i t  (dashed l in e )  u sin g  Eq. (19) for  
samples a ) M7U (undamaged), and b) M7D600 (quenched from 600°C). 
In both c a ses  th e  Zeeman f i e l d  i s  a lig n e d  w ith  th e  [001] d ir e c ­
t io n  ( 0 -  V 2 * ) .  The in s e t  shows th e  in d ic a te d  p art o f  th e  
curve w ith  th e  v e r t i c a l  a x is  en larged  by a fa c to r  o f  10 . In  
t h i s  o r ie n ta t io n  th e  FID i s  not a f fe c te d  by damage.
(b)
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75F igure 7- As FID's and fu n c tio n a l f i t  (dashed l in e )  u s in g  Eq. (19) fo r  
samples a )  M7U and b ) M7D600. In both cases  th e  Zeeman f i e l d  
i s  a lig n e d  w ith  th e  [ i l l ]  d ir e c t io n  ( 0 = c o s " ‘( 3 ^ )  ) .  The 
in s e t  shows th e  in d ica te d  p o r tio n  o f  th e  p lo t  w ith  th e  v e r t i ­
c a l  a x is  en larged  by a fa c to r  o f  1 0 . The e f f e c t  o f  the damage 
i s  e v id e n t.
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In  th e  ca se  o f  sp in  3 /2  n u c le i ,  th e  s a t e l l i t e  l in e s  make up 
60JS and th e  c e n tr a l component ko% o f  th e  t o t a l  reson ant a b so rp tio n . Thus
one might exp ect t o  f in d  1 , / i a  *  e/3 and o(, < 0 ^  . This c o n d itio n  c o r r e s ­
ponds to  60% o f  th e  FID decaying f a s t e r  than th e  oth er  b0%. This i s  p re­
d ic te d  by a lin e sh a p e  c a lc u la t io n  o u t lin e d  in  Appendix C. However, i t  i s  
not exp er im en ta lly  th e  c a s e . We f in d  th a t  th e  r a t io  I . / l a  departs from 
th e  v a lu e  2 /3  w ith  in c re a s in g  quadrupole in te r a c t io n . The quadrupole 
moments shown in  Table I  obey th e  in e q u a lity  Q ,^- >  Q69 )  Q7 1 . In a l l  
sam p les, th e  As^ "* FID i s  d escrib ed  by Eq. (19) w ith  I,/I2>2/3 This 
i s  a ls o  tru e  o f  th e  G a^  and, to  a l e s s e r  e x te n t ,  the Ga^ "*" FID in  th o se  
samples w ith  la r g e  d e fe c t  c o n c e n tr a t io n s . As a r e s u l t  o f  th e  d e v ia tio n  
o f  th e  f i t t i n g  param eters from th e  behavior p r e d ic te d  by th e  c a lc u la t io n  
in  Appendix C, we do not attem pt t o  in te r p r e t  th e  param eters p h y s ic a l ly .  
However, s in c e  Eq. (19) behaves as t  fo r  sm all t  and f i t s  w e ll  t o  th e  ob­
served  FID, th e  second moments obta in ed  are accu ra te . Only th e  second  
moments are used in  th e  fo llo w in g  a n a ly s is .
I t  was shown in  S e c tio n  I I  th a t  a r o ta t io n  o f  th e  m agnetic f i e l d
about th e  [110] d ir e c t io n  r e s u lt s  in  th e  second moment vary in g  as C+Df(0).
The c o n tr ib u tio n s  to  th e  is o tr o p ic  part C are from th e d ip o la r  and exchange 
m echanisms, w h ile  th e  c o n tr ib u tio n s  to  D are from th e  d ip o la r , p seu d od i-  
p o la r  and quadrupolar mechanisms. P arts C and D were determ ined by f i t ­
t in g  th e  measured second moments a t known 0  to  th e  fu n c tio n
( 2 0 )
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TABLE I .  RELEVANT NUCLEAR PROPERTIES8,
Iso to p e
N atural
Abundance
(%) I
M agnetic
Moment
E le c tr ic
Quadrupole
Moment
(barns) (1010 cm- 1 )
GaT1 39.8 3/2 2.55^9 .12° i . o 6 e
Ga69 60.2 3/2 2.0108 .19° 1 . 286
A sT 5 100.0 3/2 I .U 3U9 • 29d 1 .7 2 s
aF. Bovey and A. T ie r s ,  NMR T ab les (W ile y -In te r sc ie n c e , In c . New York 1967) ,  
5th ed .
^The m agnitude o f  coup lin g  constan t r e la t in g  e fg  to  a p p lied  e l e c t r i c  f i e l d  
i s  ad ju sted  fo r  th e  g iv en  v a lu es  o f  quadrupole moment.
CG. F. K oster , Phys. Rev. 86 , lU8 (1 9 5 2 ).
^V. S. K orolkov, A. G. Makhanek, Opt. S p ectry . USSR (E n g lish  T r a n s l.)  1 2 ,
87 (1 9 6 2 ).
eD. G i l l  and N. Bloemhergen, Phys. Rev. 1 2 9 , 2398 (1 9 6 3 ).
G enerally, six teen  o rien ta tio n s  covering a ro ta tio n  o f 120° were used to  
determine C and D. However, In  samples w ith la rg e  defect concentrations 
only the  o rien ta tio n s  close to  6 =  v / a  were UBed, as few as s ix  
o rie n ta tio n s . Figures 8 , 9, and 10 show the  second moments versus orien­
ta t io n  for several samples.
The add itiona l param eter, © e , allows the second moment data  
to  determine the  absolute o rie n ta tio n  of the c ry s ta l .  This i s  a more 
accurate method than th e  i n i t i a l  alignment o f the [001] axis with the  
magnetic f ie ld .  The i n i t i a l  alignment ensures th a t a  ro ta tio n  study in ­
cludes the o rien ta tio n s  where the  Zeeman f ie ld  is  aligned w ith th e  th ree  
major symmetry axes. Then the HMR data serve to  determine the value of 
© o . Thus any alignment e rro r w ill have no consequence on the constants 
C and D.
i
Table I I  contains the co e ffic ien ts  C and D for each isotope in
each sample. The same f i t t in g  rou tine th a t  y ie ld s  the constants C and D
2kalso  determines th e i r  u n c e rta in tie s . These standard e rro rs  depend on 
the e rro rs  associated  with the  second moments a t  each o rien ta tio n . Because 
there  e x is ts  no th e o re tic a lly  J u s tif ie d  shape fo r th e  FID, the e rro r in  
the second moment i s  due to  an incorrect choice o f shape, not a s t a t i s t i ­
cal uncerta in ty . This makes the  erro r in  each second moment d i f f ic u l t  to  
estim ate. In  order to  make an estim ate, several FID's were observed in  a 
sing le  o rien ta tio n . Analyzing each ind iv idually  showed th a t the second 
moment has a standard deviation  of a t  most 10%. This value was in serted  
in to  th e  f i t t i n g  rou tine  determining C and D. The parameters C and D sure
Figure 8 GeJ^ second moments vs. 0  fo r samples l i s t e d  in  Table I I .  
The so lid  lin e s  are the  b est f i t s  of Eq. (20). Only represenr- 
ta t iv e  da ta  points are; shown.
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M A G N E T I C  F I E L D  O R I E N T A T I O N
69 AFigure 9. Ga second moments vs 9  • The so lid  lin e s  are th e  best f i t s
of Eq.. (20). Only rep resen ta tive  data  poin ts are shown.
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Figure 10. second moments vs . 0  . The so lid  lin e s  are th e  b est
f i t s  o f Eq. (20). Only rep resen ta tiv e  data poin ts are shown.
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s t a t i s t i c a l ly  independent, and th e  function i s  lin e a r  in  than . Thus,
& V 7  2th e  standard deviation associated  w ith C i s ,  fo r  example, 0 c  -  )  ,.■ (JV*
. This i s  the uncerta in ty  found hy the  f i t t in g  ro u tin e , and 
is  the  corresponding diagonal element o f  the erro r m atrix .
B. Id e n tif ic a tio n  of Contributions
Given the iso tro p ic  and angular dependent p a r ts ,  the second 
moment contributions from th e  d iffe re n t broadening in te rac tio n s  may be 
id e n tif ie d . The pure van Vleck d ipo lar contributions are v e i l  known, 
and they are fo r each isotope:
< 4 1 ^ ' =  a  + l . 2 8 f ( e )  g a u s s *
=  .2<* +  g a u s s * ,
. £ 5 ' +  z n n k e )  g a u s s *
where the  subscrip t denotes the broadening mechanism, and the superscrip t
7the  iso tope. NAR data on GaAs y ie ld  exchange coupling constants. In­
cluding only neareBt and next nearest neighbor in te ra c tio n s , the unlike 
exchange con tribu tions to  the second moments are
= -25 gausi } (22a)
= .24 (22b)
< A H ^ - .5 8  , (22c)
Subtracting the contributions (21) and (22) from our da ta  leaves only
(21a)
(21b)
(21c)
the  contributions from the quadrupolar and pseudodipolar in te ra c tio n s .
The discussion in  Section I I  p red ic ts  th a t  these two contributions w ill 
have no iso tro p ic  p a r t ,  and, as can be seen from Table I I  and Eqs. (21) 
and (22), the iso tro p ic  remainder i s  neg lig ib ly  small fo r the two Oa iso ­
topes. In  nuclei o f  la rg e r  quadrupolar moments however, the iso tro p ic  
remainder is  la rg e r than pred icted  on the basis  o f d ipolar and exchange 
con tribu tions.
In order to  separate the  contributions from the quadrupolar and
pseudodipolar in te rac tio n s  one uses the  fa c t th a t th e  pseudodipolar broad- 
2ening in  gauss i s  th e  same fo r both Ga iso topes. This i s  because only 
the  four nearest neighbors, a l l  As n u c le i, contribute s ig n if ic an tly  to  the 
pseudodipolar broadening. Then the  d ifference in  the  remaining angular 
p a rts  o f  the  Ga second moments must be due to  quadrupolar broadening.
Both Ga isotopes experience the same random efg , so the  d ifference in  
th e i r  quadrupolar contributions must be due to  the d ifference in  th e ir  
nuclear p ro p ertie s . Since < a H %  <* Q t  A r  , we may w rite  th a t
(23)
where f t “  and are the remaining angular p arts
of the G a^ and G a^ second moments, resp ec tiv e ly ; then
The relevan t nuclear p roperties  are shown in  Table I .  The 
values of have been adjusted fo r more recent values o f e le c tr ic
quadrupole moment. G ill and Bloembergen give d iffe ren t numbers fo r the
values of R ^  fo r the  two Ga iso topes. Physically  we see no grounds fo r
th is  d iffe ren ce , and thus a weighted average value o f  1 .2  x 1 0 ^  cm”^ is
69used fo r both. The Ga value i s  weighted more because the  experiment
on G a^ was probably more accurate , due to  the b e tte r  S/N and the g rea te r
quadrupole s h if t .  Another experimental measurement o f R ^  has been per­
il.
formed. In th a t  experiment R ^  was measured dynamically by observing 
the nuclear tra n s itio n s  caused by an r f  e le c tr ic  f ie ld .  The evaluation 
of R ^  is  not as straightforw ard as th e  frequency measurement o f G ill and 
Bloembergen. For th is  reason the s ta t ic  measurements of are used 
h ere .
Once < A H % ' and have been estab lished  we may find
the Ga pseudodipolar con tribu tion
< 4 H ^ p  =  <4H a) p , =  (K -C F 1 C K D j ' - D f )  .  (2 5 )
Comparing Eqs. (25) and (9 ), we obtain a quadratic expression for the
71 69pseudodipolar coupling constant in  te rn s  o f DR and DR . There are 
two so lutions fo r and th is  experiment cannot d istin g u ish  between
them. In the case o f GaAs both so lu tions are negative in  sign .
The pseudodipolar in te rac tio n  between nearest neighbors i s  
symmetric, and i s  proportional to  the  magnetic dipole moments of the in ­
te rac tin g  n u c le i.^  Thus we may w rite
/  a  h - A -
( 2 6 )
where .U and .6 are the  re la t iv e  abundances o f and G a ^ , respec­
t iv e ly . The quadrupolar second moment contribution  is  Ju st the remain­
ing angular p a r t ,  Djp, le s s  the pseudodipolar con tribu tion  <A H *>P •
With the  quadrupolar contributions to  the second moments determined, we 
may ca lcu la te  the concentration of charged d efects. For nuclear spin 
I * 3 /2 , Eq. (l6 ) reduces to
<*"V
The defect density  h .  i s  found from Eq. (27) by equating th e  experi­
mental < 4 H %  with th is  expression fo r the quadrupolar second 
moment. Table I I I  contains th e  measured quadrupolar second moments, the 
pseudodipolar coupling constan t, and the  charged defect d en sities  for 
each sample. The e rro rs  in  Table I I I  are ca lcu lated  using the  variances 
of the q u an titie s  C and D for a l l  th ree  isotopes and the standard theory 
of propagation of e rro r .
Agreement o f the defect d en s itie s  as measured by Ga and As 
resonances is  obtained only i f  we assume th a t the defects are preferen­
t i a l l y  located  on the  As su b la ttic e . When th is  is  t ru e ,  the  As nuclei 
are generally  fu rth er from a defect than the Ga nuclei and w ill  experience 
a  sm aller quadrupolar in te ra c tio n . The value of the l a t t i c e  sum in  Eq. (27) 
depends upon which su b la ttic e  contains the d efects. A sing le  defect con­
cen tra tion  accounts for th e  quadrupolar second moments fo r a l l  isotopes 
only i f  th is  l a t t i c e  sum is  over the  equivalent su b la ttic e  for As and 
the nonequivalent su b la ttic e  for Ga nucle i.
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There a re  two fa c ts  which in d ica te  th a t Frenkel p a irs  are ra re
in  these' samples. One i s  th a t  the  room tem perature annealing is  la rg e ly
12 >d u e to  the recombination o f Frenkel p a ir s ,  and no annealing was ob­
served. The other i s  th a t  the l a t t i c e  sum about a  probable i n t e r s t i t i a l  
p o s itio n  i s  roughly equal fo r both su b la ttic e s . I f  th is  value were used 
in  Eq.. (27), the  defect d en sities  as measured by As and by Ga resonances 
would disagree.
An assumption in  th e  ca lcu la tio n  o f the defect d en s itie s  o f 
Table I I I  i s  th a t  the  e ffec tiv e  charge o f a defect i s  the e lec tro n ic  
charge, or e* = e. We assume a model in  which the  GaAs l a t t i c e  i s  mostly 
covalently bonded, but re ta in s  some ion ic  charac ter. The ca lcu la tio n  o f 
Harrison y ie ld s  a net charge o f +0,87e on the Ga s i te  and a net charge 
of i-0,87e on the  As s i t e ,  where the  e lec tro n  has charge -e . I f  we remove 
a n eu tra l As atom from the  l a t t i c e  and allow e lectron ic  charge s h if ts  on 
only the  four n earest neighbors, then each neighboring Ga ion acquires 
a net charge of 0.65e. Now th e re  w ill be a ce r ta in  ion iza tion  energy 
fo r these four neighboring Ga ions to  c o lle c tiv e ly  give up one e lec tron  
to  the  conduction band and in  th e  process acquire an add itiona l . 25e charge 
each. Then each Ga ion has a charge 0 ,9e , very nearly the 0.87e each had 
before the  vacancy was produced. This small change in  e ffec tiv e  charge 
implies a small change in  th e  bonding o rb ita ls .  On th is  b as is  we expect 
th a t th e  ac tiv a tio n  energy fo r  ion iza tio n  i s  small. The induced efg is  
sen sitiv e  to  the  change in  th e  charge d is tr ib u tio n . This d ifference is  
Ju st 0,87e lo ca lized  a t  the s i te  o f the  As vacancy and +0,03e a t each 
neighboring Ga s i t e .  This appears very much l ik e  a point charge defect 
to  a l l  n u c le i, even th e  nearest Ga neighbors.
V, DISCUSSION
A. Pseudodipolar In te rac tio n
The presence o f  th e  pseudodipolar In te rac tio n  in  III-V  com-
8pounds has been recognized only recen tly . One reason fo r th is  i s  th a t 
th e  nuclei in  these compounds generally  experience quadrupole in te rac tio n s
Ol
(P is  the only exception). Since the  magnetic f ie ld  o rien ta tio n  de­
pendence o f th e  second moment contributions from each in te ra c tio n  has the 
form C + D f(© ), the  quadrupolar broadening can e a s ily  mask th e  e ffec t 
of the  pseudodipolar in te ra c tio n . I f  the undamaged samples used in  these 
experiments had a  g rea te r  defect density , o r i f  the  pseudodipolar coupling 
constant had th e  same sign as the magnetic d ipolar coupling constan t, then 
th e  second moments of th e  Ga NMR signals would be la rg e r  than those calcu­
la te d  from th e  d ip o la r in te ra c tio n  alone. In  th a t case th ere  would be no 
c lea r evidence of the pseudodipolar in te ra c tio n . I t  i s  now expected th a t  
th e  pseudodipolar in te ra c tio n  w ill be found in  a l l  III-V  compounds.
There have been several th e o re tic a l treatm ents o f e lec tron
k-6coupled in te ra c tio n s , both from a band s tru c tu re  approach and using
13 27 28lo ca lized  bonding models. * * Both approaches use second order per­
tu rb a tio n  theory . In order to  calou late  the coupling constants from band 
theory , g rea tly  sim plified  band s tru c tu res  were used. Thus these calcu la­
tio n s  are very coarse* The lo ca lized  bonding model ca lcu la tions p red ic t
13 8th e  negative sign o f observed in  T1C1, InP, and now in  GaAs.
k2
1*3
However, these calcu la tions do not agree q u an tita tiv e ly  with our data  or 
th e  InP data.
13The method o f Clough and Goldburg begins by assuming a fixed
degree of covalent character to  the  bonds. This covalent p a rt of th e
bond i s  then represented by a variab le  admixture o f s and p o rb ita ls  on
each o f  the atoms contribu ting  to  the  bond. They then f in d , using second
I ^  Iorder pertu rbation  theory , an expression fo r th e  | B^/A ^j | r a t io  as a 
function  o f  the  amount of s and p character in  the  bond. While the ab- 
so lu te  magnitude of B^j and depend upon the degree of covalency, ^ , 
o f  the  bond, the  r a t io  | B j^ /A^j J i s  independent o f ^  . In th e ir  model 
they fin d  th a t  th is  r a t io  has a maximum value o f 1/2 fo r purely p o rb ita ls .  
Larger values have been measured in  III-V  compounds. Englesberg and
Q I ^  ^  I
Norberg observed a j B^j/A ^ | r a t io  o f 1 .8  in  a sing le  c ry s ta l of InP
and 1.5 in  a powder sample. We measure a value of .73 or 2.2 in  a single
c ry s ta l  of GaAs, depending upon which so lu tion  o f  Eq. (9) is  physical.
Clough and (Soldburg developed th e i r  expressions fo r  T1C1 crys­
t a l s .  One should not expect th a t th e  same model can accurately  describe 
III-V  compounds. The app lication  o f th e ir  model to  GaAs has two major 
defec ts . I t  does not account fo r the  d s ta te  admixtures in  the  wave 
functions th a t  are known to  be im portant. The second problem i s  th a t  in  
polar semiconductors therwave function of valence electrons moves toward
the an ion ^  (As), while the wave function for the conduction band shiftB
29toward the ca tion  (Ga). Since th e  exchange and pseudodipolar in te rac ­
tio n s  are re la te d  to  the overlap of the  valence and conduction band wave 
fu n c tio n s ,la  model l ik e  Clough and Goldburg's, th a t  assumes a fixed
covalent character to  th e  bond fo r both the  valence and conduction bands, 
w ill  miss the consequences o f the  wave function s h if t  between the  cation  
and th e  anion. A m odification of th e i r  ca lcu la tio n  th a t  accounts fo r  the 
re la t iv e  displacements o f  valence and conduction electron  wave functions 
and th e  d s ta te  admixtures should be more accurate.
An a lte rn a tiv e  approach would be to  repeat H arrison 's  calcu la­
tio n  o f the  e lec tron ic  wave functions, in se rtin g  the hyperfine in te rac ­
tio n  in to  the ham iltonian. This would allow one to  ca lcu la te  the  hyper­
f in e  f ie ld  a t th e  nuclear s i t e  without second order pertu rbation  theory.
In  th is  ca lcu la tio n  the  usual admixture o f occupied and unoccupied elec­
tro n ic  s ta te s  i s  accomplished in  the  i n i t i a l  wave function , and no sum­
mation over a l l  unoccupied s ta te s  becomes necessary.
B. Quadrupolar E ffects
An independent method of determining the  charged vacancy con-
30cen tra tion  i s  desirab le . Recently Logan and Hurle have derived ex­
pressions th a t  enable such a ca lcu la tio n . In th e i r  derivation  they use
31standard methods o f chemical thermodynamics to  obtain  expressions for 
the  equilibrium  concentrations of As monovacancies, Ga monovacancies, Ga 
divacancies, and the charged versions of each. The concentration of each 
constituen t i s  determined as a function of ASg vapor pressure and tempera­
tu re .
A b r ie f  descrip tion  of th e i r  method follow s. The reac tio n  
equations fo r  the formation of each type o f defect in  the  so lid , the fo r­
mation o f  electrons and h o les , and th e  tra n s fe r  of As atoms between the
1*5
gas ’and so lid  phases a re  w ritten . At equilibrium  one can then w rite  a 
mass action  equation fo r each reac tion  th a t  r e la te s  the concentrations 
o f i t s  co n stitu en ts . The add itional condition o f e le c tro n e u tra lity  a l ­
lows th e  so lu tion  o f the  concentrations o f  each defect in  terms of the 
mass action  equilibrium  constan ts , tem perature, and the vapor pressure 
o f  ASg.
Assuming th a t  As monovacancies are th e  dominant spec ies, the 
important reactions and corresponding mass action  conditions are
. \ £ ^ \ £ + t  ; £ v , t ] [ t ] / [ v / . ] =  K b , <*.>
o  ^  v; 5 + v6: j c v* ]  [vs;]= k5  ; (28o,
where th e  superscrip t ind ica tes  the charge, V^g an As Vacancy, and As^a 
an As atom at an As s i t e .  Square brackets are  used to  in d ica te  concen­
tra tio n s  . The p a r t ia l  pressure o f ASg in  the gas phase i s  designated
P. . I t  i s  noted th a t  th e  p a r t ia l  pressures o f the other vapor eo n sti-  
2
tu en ts  sure determined a t equilibrium  by the value of P. , so th e ir  p res-
2
ence need not be taken in to  account e x p lic i t ly . The msu3S ac tion  e q u ili­
brium constants (Ka , K^, and have the  usual exponential tempera­
tu re  dependence. The condition of e le c tro n e u tra lity  we use i s  th a t the 
e lec tro n  and As vacancy concentrations are id e n tic a l ,
f r i  -- c v An .
k6
The solutionis fo r  th e  relevan t concentrations may now be w ritten
=  K s / f ^ v v y
C  y j i s  1  =  L t a K b  K / b ,v 3 1  .  (3«b)
Equations (30) demonstrate th a t  an increase in  the  ASg p a r t ia l  pressure 
decreases the vacancy concentration. Evaluation of the equilibrium  con­
s tan ts  a t a given temperature and a  given value o f th e  p a r t ia l  pressure
P. completely determines the As vacancy concentration.
M 2
However, in  th is  experiment, as well sis those o f  Potts and
32Pearson, and of D risco ll and Willoughby, the  p a r t ia l  pressure o f ASg is  
not an independent v a riab le . I n i t i a l ly  the annealing vessel containing 
the  GaAs c ry s ta l i s  evacuated, so the  ASg p a r t ia l  pressure re su lts  only
from the  production of As vacancies. The As^ p a r t ia l  pressure and thus
the As vacancy concentration become fixed functions of temperature.
Using th e  analysis  o f Logan and Hurle, th e  re la tio n  between the
Asg and As^ p a r t ia l  pressures and the As vacancy concentration follow s.
Let th e  volume o f the  sample be v and the  volume o f the annealing vessel 
be rv . I f  n2 and n^ are  the  numbers of ASg and As^ molecules in  th e  vapor, 
then
2 y\2. +  (31)
22 -3where n^ is  th e  molecular density  in  GaAs (2.2 x 10 cm” ) ,  and [V ^] i s  
the  mole frac tio n  vacancy concentration. I t  i s  necessary to  know th e  ra t io
^7
33of Ab^ to  Asg p a r t ia l  p ressures. Prom vapor pressure d a ta , th is  r a t io  
i s  given hy
- H B O / T
(32)
Comhining Eqs. (31) and (32) y ie ld s
V Y to
a ( t + 8 K , « ) ^ - l  * t33>
Assuming an id ea l gas la v  fo r  As,, the  p a r t ia l  pressure i s  given hy
p = CVfts] _ O'T [ v  1 ( 3h)
^  Z ( \ + Z K r )  r  ~  '-Vas ] )
where d f — Y\o (+SlC  ^)  IT •
The to ta l  As vacancy concentration [V^s ] i s  a sum of [V ^] and 
[Vl 8 ] given hy Eqs. (30). Comhining Eqs. (30) and (3M one obtains an 
equation fo r ASg p a r t ia l  pressure
~  C ^ T  C (^ s ^ / ^ v ) e ^ + C ^ 5 / K ^ s j . a r ) 3  .  (35)
This equation can he solved numerically a t ahy given tem perature. Once
P. • i s  determined i t s  value i s  in serted  in to  Eq, (30h) to  y ie ld  the  
2
charged As monovacancy concentration.
In the determ ination of P. the  assumption th a t  the GaAs so lid
2
does not decompose i s  im p lic it . However i f  th e  As defect concentration
U8
becomes s u ff ic ie n tly  large* th e  GaAs c ry s ta l w ill  reach i t s  maximum pos^ 
s ib le  deviation  from p erfec t stoichiom etry. Then any add itional increase 
in; th e  As vacancy density  forces th e  c ry s ta l to  decompose, and liq u id  Ga 
t r i l l  form in  th e  annealing v esse l. The maximum [VAg] i s  fixed  by s to ich ­
iometry and is  thus a function o f temperature only. This lim itin g  of [VAs], 
fix es  th e  ASg p a r t ia l  p ressure. The re s u lt  i s  th a t  Ga liq u id  t r i l l  c o lle c t 
in  su ff ic ie n t quan tity  to  m aintain th e  equilibrium  ASg p a r t ia l  p ressure. 
This i s  th e  equilibrium  ASg pressure on the liquidus' cu rv e ,P ^  (eq ), and 
i t  i s  the  minimum ASg p a r t ia l  pressure fo r  a  given tem perature. I f  the 
ASg p a r t ia l  pressure given by Eq. (35) i s  le ss  than PAs (eq ), then th ere  
i s  decomposition, and P. (eq) must be used in  Eq. (30b). This i s  theASg
case in  our experiment.
As long as the  equilibrium  in  the annealing vessel i s  on the  
binary liq u id u s , th e  As vacancy concentration should be independent of 
the volume o f  the  v esse l. In  order to  t e s t  th is  p red ic tion  two samples 
were annealed a t 600°C in  vessels o f d iffe re n t volumes. The defect den­
s i t i e s  have no annealing vessel volume dependence w ithin experimental 
e rro r .
The Arrhenius p lo t o f  the defect density  i s  shown in  Figure 11.
IP
In  th e  upper l e f t  corner a re  th e  data o f P o tts  and Pearson along with' the 
p red icted  vacancy concentration o f Logan and Hurle (so lid  l i n e ) ' B e l o w  
a re  the data  o f D risco ll and Willoughby?2 I t  i s  presumed th a t  the  d if fe r ­
ence in  defect d en s itie s  observed in  these  two experiments is  due to  the  
slow quench period (10 seconds) used by D risco ll and Willoughby. At these 
temperatures ionic m o b ilities  a re  g reat enough to  allow su b stan tia l
Figure 11. Log of the As vacancy concentration vs. the inverse quench
12tem perature. Also shown are the data o f P o tts  and Pearson 
f~1 ; and D risco ll and Willoughby^?B  . The so lid  l in e  is  
the As vacancy concentration predicted  under th e ir  experi­
mental conditions hy Logan and Hurle. The dashed lin e  is  
the p red ic tion  o f the  ionized As vacancies under our experi­
mental conditions using the same theory. ® and O  repre­
sent our defect concentrations as measured hy Ga and As 
resonances respec tive ly .
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recombination during the quench period. This i s  not a problem a t the 
lover tem peratures th a t  we used.
Our data Are located  in  the lover r ig h t corner of Fig. 11. The 
dashed lin e  i s  the  charged As vacancy concentration calcu la ted  using the  
same theory  th a t  explains the  da ta  of P o tts  and Pearson, w ith no adjustab le 
param eters. The standard deviations shown a t each quench temperature are 
rep resen ta tive  o f a l l  points a t th a t  temperature. These probable erro rs 
do not include e rro rs  in  th e  q u an titie s  and .
P rio r to  damage th e  samples had a native charged defect d en sity , 
presumably due to  ionized su b s titu tio n a l im purities. Since the c a rr ie r  
concentration in  the sample* is  qu ite  low we can assume th a t  the electrons 
and holes produced by the im purities have ann ih ila ted . Thus the charged 
im purities cannot a ffec t the concentrations o f vacancies< However, our 
MMR measurement observes these  charged defec ts . In  order to  compare to  
the  predicted  charged As vacancy concentrations, we must sub tract the  
native defect concentration from th e  measurements following damage. This 
sub traction  has been perforated on our data shown in  Fig. 11.
15 -3Our data tend to  sa tu ra te  a t a defect concentration of 10 cm . 
The source o f th is  sa tu ra tio n  is  not the  same as the source o f th e  satu ra­
tio n  fo r P o tts  and Pearson. In our case the problem is  an experimental 
lim ita tio n , w hile in  th e  case o f P o tts and Pearson i t  is  a  r e a l  physical 
phenomenon. Their sa tu ra tio n  occurs because a t tem peratures below lU00°C 
th e  annealing vessel had pressures g rea te r than the  equilibrium  As^ vapor
pressu re , but above lH00°C,P. wan the equilibrium  vapor pressure
2
P. (eq). This tends to  sa tu ra te  th e  As vacancy concentration.
2
51
Except a t  the  h ighest quench tem perature, our data seem ade­
quately explained by the predicted  concentrations o f ionized As vacancies.
C. Experimental L im itation
I t  i s  possib le  th a t th e  low values o f defect concentration 
measured in  samples quenched a t 600°C and 700°C sure accurate. This e f­
fec t could be caused by vacancy c lu ste rin g  or vacaney-aeeeptor pairing  th a t  
i s  not evident in  samples damaged a t lower tem peratures, However, i t  is  
more l ik e ly  th a t these low values are  due to  the lim ita tio n s  in  our cur­
ren t experimental technique and an a ly sis . There are trends in  the  data
th a t  in d ica te  th a t  the present measurement o f defect density  e rrs  i f  con-
15 -3centrations are la rg e r  than rsj 10 cm . The increases in  th e  second 
moment caused by thermal damage a t 600°C and 700°C are p roportionately  
sm aller fo r nuclei with la rg e r  quadrupole moments. That i s , the ra t io s
of the increase in  the  G a^ second moment to  the increase in  the  G a^ and
75As second moments are g rea ter than expected. These ra tio s  should be 
fixed by the  nuclear p ro p ertie s . I t  i s  c lea r th a t the fa s t  component o f 
the FID decays so quickly in  the presence of these la rge  quadrupole in ­
te rac tio n s  th a t  our f i t t i n g  analysis i s  not sen sitiv e  enough to  i t .  This 
r e s u lts  in  a deviation in  th e  pseudodipolar coupling constant' and a d is ­
agreement between th e  defect d en s itie s  as measured by Ga and As resonances.
A dditional evidence th a t  th is  experiment cannot measure re la tiv e ly
la rg e  defect concentrations i s  seen in  th e  data fo r the Si doped sample.
69The Ga second moments are  much smaller than one expects from the la rge
71second moments of Ga . To an even g rea te r ex ten t, the same i s  tru e  of
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75As . Assuming th a t the  pseudodipolar in te ra c tio n  i s  the ssme in  a l l
GaAs c ry s ta ls ,  and assuming th a t  the ionized Si donors a re  located  on Ga 
71s i t e s ,  then th e  Ga data in d ica te  a charged defect density  of 6 .h x 10
O
c m ,  where th e  Debye-Huckel screening has been taken in to  account. Hall
16 —3e ffe c t measurements y ie ld  a c a r r ie r  concentration o f U x 10 cm-  , so 
th e re  are  a t le a s t  th a t  many ionized Im purities. With th e  current experi­
mental lim ita tio n s , th is  technique is  too sen sitiv e  to  accurately  measure
1 5 - 3charged defect concentrations g rea ter than 10 cm .
I t  is  concluded th a t  the  present experiment does not dependably
6 2measure frequency second moments la rg e r  than 5 x 10 Hz . This corres-
71ponds to  a FID h a lf  width o f approximately 70 ^jLsec. Using th e  Ga ,
/frt ijrc
Ga , and As resonances th is  corresponds to  charged defect d en s itie s
15 -3 lU -3 lU -3of 2.5 x 10 cm , 9 x  10 cm , and 2 x 10 cm , resp ec tiv e ly . In
order to  make equivalent cw measurements, a la rge  S/N i s  required a t le a s t
as fa r  as 5 kHz from the center frequency. This i s  d i f f ic u l t  to  obtain
when the resonance linew idth i s  2 kHz. With improved damping o f the
p iezo e lec tric  noise and with spin locking techniques we expect these upper
17 -3lim its  to  be extended to  charged defect den sities  near 10 cm . At 
these concentrations we expect th a t second order quadrupolar e ffe c ts  w ill 
be im portant, and th a t  the lineshape w ill have'changed su b stan tia lly .
The lower lim it o f measurable charged defect concentration 
would occur where th e  quadrupole con tribu tion  to  the  As second moment is
ju s t  measureable, say 0.1 gauss'*. This corresponds to  a defect density
12 —3 12 —3o f 6 x 10 cm” on the As su b la ttic e  or 3 x 10 cm” on the Ga sub la t­
t i c e ,  representing a defect to  atom r a t io  o f the order o f 10”"^ . When
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th i s  method is  app licab le , i t  r iv a ls  th e  s e n s i t iv i ty  o f neutron activa­
tio n  and Hall e f fe c t measurements. Unlike neutron ac tiv a tio n  measure­
ments, th e  NMR method can observe e lec tro n ic  a lly  ac tiv e  vacancies . Un­
lik e  Hall e ffe c t measurements, the NMR method detects  the  t o t a l  number 
o f charged d e fec ts , not th e  net charge c a r r ie r  concentration.
V I. SUMMARY
There remain questions about th e  s tru c tu re  and formation of 
defects  in  la rg e  concentrations, and these questions suggest fu rth e r in ­
v es tig a tio n s . One important improvement of th is  experiment i s  to  extend
17 -3the  range o f defect concentration measurement to  a /  10 cm . The prob­
lem in  the  current work is  th a t th e  FID decays s ig n if ic a n tly  before i t  
can be observed. This problem could be la rg e ly  resolved i f  a zero time
oc ofC
reso lu tio n  technique ’ were employed. The e n tire  FID would then he 
v is ib le .  Assuming th a t  the  r f  magnetic f ie ld  i s  large  enough to  nu tate  
a l l  nuolei coherently , the  e n tire  s a te l l i t e  con tribu tion  could be ob­
served even in  the  presence o f la rg e  defect concentrations. Then the
3.7 -3 T0 -3range of measurement could be extended t o  10 cm*" or possib ly  10 cm .
In th is  experiment th e  defect concentrations were sm all, and
the  da ta  a re  adequately explained by As monovacancies. However, in  the
presence o f la rg e  defect concentrations th e re .is  a g rea te r p ro b ab ility
o f forming defect c lu s te rs .  The s tru c tu re  o f  defect c lu s te rs  as w ell as
the near neighbor e lec tron ic  sh ield ing  can be probed in  fu rth er in v e s ti-
37gabions using the double resonance technique. This technique is  capa­
b le  o f  detecting  ra re  spin species ( lO ^  cm"^) by th e ir  e ffe c t on the 
resonance o f an e a s ily  observable spin system. One can apply th is  method 
to  detect th e  resonance frequency s h if t  o f  the  nuclei near to  a defect, 
and in  th i s  yay probe the  s tru c tu re  and e ffec tiv e  charge of the defect.
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While questions remain about la rg e  defect concentrations in  
GaAs, th is  experiment has made several con tributions toward the  use of 
NMR as an accurate measurement technique. A straightforw ard po in t de­
fe c t model was developed. Using th is  model, i t  was shown th a t  the  
quadrupolar second moment con tribu tion  i s  l in e a r ly  p roportional to  the 
charged defect den sity , and th e  p ro p o rtio n a lity  constant was derived. In  
add ition , th e  e ffe c t o f the quadrupolar in te ra c tio n  on the FID lineshape 
was ca lcu la ted .
Due to  the  existence o f the  pseudodipolar in te ra c tio n , the 
second moment analysis  had to  separately  id e n tify  the quadrupolar and 
pseudodipolar co n trib u tio n s. A technique using data from both Oa isotopes 
was successfu lly  employed. That th is  analysis is  correct i s  adequately 
demonstrated by two fa c ts .  One i s  th a t th e  pseudodipolar in te ra c tio n , 
w ithin experimental e r ro r ,  remains independent of the to ta l  second moment,
i . e . ,  thermal damage. The second is  th a t the charged defect d en s itie s  
as measured by Ga and by As resonances agree fo r samples with small con­
cen tra tio n s , where no FID f i t t i n g  d if f ic u l t ie s  were encountered.
I t  has also  been shown th a t the NMR second moment i s  extremely 
sen sitiv e  to  defect concentrations in  GaAs, and th a t  measurements in  com­
pensated c ry s ta ls  are u se fu l. The second moment i s  so sen sitiv e  th a t th is
f i r s t  order l in e  shape and second moment analysis are  in su ff ic ie n t to
15 -3t r e a t  samples o f defect concentration g rea te r than 10 cm . Further- 
more, in  a c ry s ta l o f c a r r ie r  concentration o f 2.U x 10 cm , th is  NMR
Ik _3
technique measured a charged defect concentration of 2 x 10 cm . Since
the sum o f  the  clionor and acceptor concentrations are  detected , i t  is  
c le a r  th a t  th i s  HMR technique i s  o f g rea te r  value in  the  measurement o f 
defects in  compensated c ry s ta ls  than are H all e ffec t' measurements.
F in a lly , th is  research  has demonstrated th a t  As monovacancies 
a re  Indeed generated in  thermal quenching experiments and th a t they be­
come ionised with an e ffec tiv e  charge o f  e* = e.
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APPENDIX A 
Pulse Programmer D escription
The operation o f th e  pulse programmer shown in  P ig . 12 i s  hased
on a  256 h i t  random access memory divided in to  s ix teen  8 b i t  words. Each
step  of a pulse sequence requ ires a sing le  word of memory. In  th e  eight . 
b i t  word, four b i t s  o f  a word specify  th e  next, memory address to  be accessed, 
and four b i t s  specify the function to  be executed (a p a r t ic u la r  pulse or 
time delay). These four b i t  h a lf  words allow access o f any memory address 
and execution o f 16 ind iv idual functions. In operation , the memory words 
are re triev ed  in  an order spec ified  by the preceding word, executing the 
desired  functions in  th a t  order. For example, a sequence step  with memory 
contents 1A (hexadecimal no ta tion) w ill execute function 1 , and memory 
address A w ill be.’ accessed on the next step .
During a read cycle, the  function h a lf  word (four b i t s )  is  held 
s tab le  in  the  function re g is te r  th a t  drives the  inputs of a l - o f - l 6 de­
coder. The output o f th is  decoder enables the tim ing device corresponding 
to  the appropriate function. The next address h a lf  word is  gated in to  the 
next address r e g is te r ,  and l a t e r  in to  th e  current address re g is te r  in  prep­
a ra tion  fo r the  next read cycle. A ll re g is te rs  are composed o f type JK 
f l ip - f lo p s .  The inputs are strobed with timing pu lses.
The tim ing pulse generator controls the memory data read and
w rite  cycles. Four timing pulses are  required whose durations and separa­
tio n s  are  d e ta ils  o f the  memory. The pulses are generated by monostable 
m ultiv ib ra to rs  (one sh o ts).
6 l
Figure 12. Block Diagram o f the Pulse Programmer.
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The memory- read cycle i s  in i t ia te d  when the  timing device o f 
an executing function term inates. The se rie s  o f timing pulses then re ­
tr ie v e s  the  memory data from 'the current address and executes the func­
tio n  specified  in  the function r e g is te r .  In addition  the timing pulse 
generator increments th e  in te rn a l step  counters once every read cycle.
At the end of the four timing p u lses , the  tim ing generator s t a l l s . I t  
i s  r e in it ia te d  a t  the  end o f the cu rren tly  executing function.
Any o f  the  function timing devices must he able to  t r ig g e r  the 
timing generator, so th e  output o f each drives an input o f a l6 -inpu t OR 
gate. A negative-going edge o f the output o f th is  gate tr ig g e rs  the 
timing generator. One input o f th is  OR gate i s  connected to  th e  manual 
h a lt  con tro l. When held h igh, th is  input can in h ib it  negative going edges 
a t  the  output. Then th e  timing generator cannot be re trig g e red , and the 
sequence h a l ts .  Programs may be executed one step  a t a time by manually 
trig g e rin g  the timing generator while in h ib itin g  negative-going edges a t 
the  output of the OR gate .
The memory w rite  cycle i s  s im ilar to  the  read,w ith th e  addition 
o f a timing pulse th a t  enables the  a lte ra tio n  o f memory data. Of course, 
in te rn a l in i t ia t io n  o f the tim ing pulse generator i s  Inh ib ited . Because 
the memory data re g is te rs  a lso  serve as contact debouncers fo r the  data 
input l in e s ,  these  re g is te rs  must be cleared  following each w rite  cycle.
When in  use, the two in te rn a l step  counters override th e  memory 
inputs to  the next address r e g is te r .  The counters overflow a f te r  counting 
a p rese ttab le  number o f s tep s . At overflow, counter B clears the next 
address r e g is te r ,  making th e  contents of address 0 th e  next memory data
re tr ie v e d . This address must be programmed when counter B is  in  use. In 
a s im ila r way, a t overflow, counter A se ts  the riext address r e g is te r ,  and 
address 15 i s  thus the  memory da ta  re tr ie v e d . An important d ifference be­
tween counters A and B is  th a t while B counts only sequence s te p s , A may 
also  count the  number o f times th a t  counter B overflows. In  the event . 
th a t  both counters overflow sim ultaneously, counter A dominates.
A ll function timing devices are e ith e r  one-shots or d ig i ta l  
counters run by a 10 MHz clock. A function enabled by the  decoder is  in ­
i t i a te d  by the timing generator, and, upon completion, the function then 
in i t i a te s  the  tim ing generator. One-shot durations are con tro lled  by 
potentiom eters, and d ig i ta l  counters overflow a t  p re se ttab le  tim es.
Time delays are d is t in c t  from pulses only by th e ir  function 
codes, and by the  fac t th a t  no pulse outputs a re  derived from the time 
delays. Pulses have codes £  -  7., and time delays, £  -  15,. Pulses £  -  U, 
and delays £  -  12, a re  con tro lled  by one-shots. Delay lU is  a counter, and 
delay 1J5, i s  a programmed h a l t ,  so i t  has no timing device. Pulses £  and 
J_ are co n tro lled  e ith e r  by one-shots or the same counter used by lU. These 
are  designed fo r d ig i ta l ly  con tro lled  spin-locking pu lses. Functions £  
and 13, re se t counters A and B, resp ec tiv e ly . In  addition  function 13 is  
trig g e red  on an edge of the clock signal th a t con tro ls  data acq u is itio n  to  
be described in  Appendix B. This prevents time j i t t e r  between the experi­
ment contro l and the data d ig itiz a tio n .
The output signals o f the  pulse programmer are derived in  the 
output b u ffe r . Each' time a pulse one-shot is  in i t ia te d ,  a corresponding
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f l ip - f lo p  i s  se t by a tim ing p u lse , TP1. I t  remains set u n t i l  th e  pro­
gram executes another function , but i t  i s  re se t only a t TP1 tim e. This 
design elim inates the in ev itab le  propagation time betveen the  end of one 
function and the  beginning o f the  next. For example, tvo sequentia l 
pulses may be desired  with no time separation* The f l ip - f lo p  outputs are 
buffered by power NASD gates th a t  provide the  cu rren t fo r the r f  sw itches. 
Any gate may drive any one o f the  k r f  sw itches.
The o ther output signals  derived sure to  tu rn  on the  grids o f the 
power am plifier and to  p ro tec t the  rece iver r f  am plifier from the  power 
pu lse , and they are  buffered in  th e  same manner.
APPENDIX B 
Data A cquisition
The basic  components o f the  da ta  acq u is itio n  instrum entation 
are  shown in  F ig . 13. Each FID is  d ig i ta l ly  sampled up to  102U times a t 
a  constant r a te ,  sC the FID may be reconstructed  using the data in  the 
102U equal time in te rv a ls . The d ig it iz in g  ra te  i s  derived from a f re e -  
running 10 MHz c ry s ta l o s c il la to r  Ijy a frequency d iv ider. I f  th is  d i­
v ider were also free-running with respect to  the pulse sequence, then 
th ere  would be an uncerta in ty  in  the time elapsed from the beginning o f 
the r f  pulse to  each in te rv a l. The uncerta in ty  would be h a lf  the period 
of th e  d ig itiz in g  r a te ,  and the ac tu a l e rro r would vary fo r each FID.
In order to  avoid th is  time J i t t e r ,  the  NMR pulse sequence is  
synchronized with the 10 MHz clock. The f i r s t  step  in  a pulse sequence 
is  time delay 13, (see Appendix A). The corresponding one-shot in  the 
pulse programmer i s  enabled by the  coincidence o f the function decoder 
signal and the normal timing pulse th a t  tr ig g e rs  the o ther function 
timing devices. Then on th e  next positive-going edge of th e  10 MHz clock, 
delay 13 is  tr ig g e red . Thus the pulse sequence begins coherently with 
the 10 MHz clock. In  addition th e  leading edge o f  delay 13., a f te r  an 
ad justab le delay, enables th e  frequency d iv ider. Thus the da ta  acqu isi­
t io n  i s  coherent w ith the pulse sequence.
The delayed fro n t ecLge of the  13 function , by enabling the d i­
v id e r , in i t i a te s  th e  data acq u is itio n  fo r th e  current FID. At the same
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Figure 13. Block Diagram o f the  Data A cquisition System.
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time a  FID counter i s  decremented. This counter i s  p reset to  the number 
of FID's desired  in  a  p a r tic u la r  signal averaging run. When-the counter 
reaches zero , the  time delay is  d isabled , and a l l  fu tu re signals from the 
programmer are  ignored.
When enabled, the  frequency d iv ider produces pulses a t  the  de­
sired  d ig it iz in g  r a te .  These go d ire c tly  to  the a n a lo g -to -d ig ita l con­
v e rte r  (ADC) and decrement Channel Counter A. On each pu lse , the ADC" 
begins d ig itiz in g  a channel o f the  FID. When the ADC i s  fin ished  (about 
150 nanoseconds la te r )  i t  issues a  pulse sto ring  the data  in  the Random 
Access Memory (RAM), and incrementing the  RAM Address Counter. The Channel 
Counter is  p rese t to  the number of channels o f FID data desired . The maxi­
mum is  102h. When the Channel Counter reaches zero, i t  d isab les the 
d iv id er, h a ltin g  the  sampling o f the FID. A ll counters are then r e s e t ,  
and the  conversion s ta l l s  w aiting fo r  the  next signal from the programmer.
Now the cu rren t FID in  temporary storage is  tra n sfe rre d  to  the 
minicomputer. The tra n s fe r  i s  in i t ia te d  by the signal from the Channel 
Counter A th a t  a lso  d isab les the  d iv id er. On th is  s ig n a l, the  data break 
in te rface  suspends the  normal computer program and allows d ire c t tra n s fe r  
o f the data in to  the  computer core memory. This i s  done synchronously 
with the computer tim ing.
A computer timing pulse tra n sfe rs  the data from the RAM in to  the 
computer memory address specified  by the Address Counter, and increments 
both the RAM Address Counter and the computer Address Counter. At the 
same time Channel Counter B (preset to  the  number of channels o f data) is
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decremented. This process i s  continued, one data word tran sfe red  in  each 
computer cycle, u n t i l  Channel Counter B reaches zero. On a signal from 
Channel Counter B th e  computer resumes i t s  program, a l l  counters are  r e s e t ,  
and the  data  tra n s fe r  s ta l l s  w aiting fo r th e  completion o f the  d ig it iz a ­
tio n  of th e  next FID.
Now i t  i s  up to  the computer program to  add the new da ta , 
channel by channel, to  the sum o f the previous FID 's. However, the  data 
break tra n s fe r ,  while extremely f a s t  (l.l* JJLsec/word), has the disadvantage 
th a t the program has no simple way of te s t in g  to  see i f  a data break has 
occurred.
Our so lu tion  to  th is  problem is  to  use th e  programmed data  tra n s ­
f e r  in te rfac e , This allows th e  data acq u is itio n  program to  t e s t  the s ta tu s  
of a flag  to  determine i f  a data break has occurred. The f la g  is  se t by 
Channel Counter B signaling  the end o f a data break. When the  program 
finds th e  f la g  s e t ,  i t  adds the current FID to  the cumulative sum, re se ts  
th e  f la g , and retu rns to  a rou tine  displaying the  data on an oscilloscope.
APPEHDIX C
The objective of th is  appendix is  to  compute the NMR lin e  shape 
due to  th e  quadrupolar in te ra c tio n  using a continuum c ry s ta l model. From 
Eqs. (3g), (12) and (13) th e  s a t e l l i t e  frequency ishift o f a  spin 3/2 
nucleus located  a d istance r  from a charged impurity i s
,3
n v  =  - S c t / r (Cl)
where
*
?  = ^ J ^ ® H(^yN x +Y\xn*^ +n*ny2 )  . (02)
We ca lcu la te  the  volume n  about a sing le  impurity containing nuclei 
with frequency s h if ts  g rea te r than some A V  .
The volume is  bounded by a revo lu tion  about the oT d irec­
tio n  o f a curve described by
T Z -  ~ « C o S < )> /iv >  (C3)
where 0  i s  the angle between ~r and 5 ?  . For <J> * 0 th e re  i s  a min­
imum frequency s h if t  4v> „=  < * / i v  fo r  the  nuclei located  on
the c ry s ta l surface, a d istance r Q from the im purity. The maximum f re ­
quency s h if t  i s  A\>m-  o ( /a z  , fo r  the nearest neighbor nuclei lo ­
cated a t  a  distanoe a  from the  im purity. The volume w ith in  th e  near­
es t neighbor s i te s  and outside th e  sample are excluded from n . These
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exclusions elim inate unphysical i n f i n i t i e s . . The lin e  shape w ill  be shown
to- be independent o f  r^  but not o f  CL . Thus the sample dimension has
no e ffec t upon the  l in e  shape. F urther, th e  neat* neighbor distance
may be used to  determine the lo ca tio n  o f the  defect s i te s .  The volume
n  i s  found by the  simple in te g ra l _ _ _ _ _ _
Ae»*H(r*V/«0p&
*■»»• \ s w \ < M 4  \r*Jkr ^  r M r
(CU)0 *  6
\ r z<^ \  r * d r
The re s u lt  i s  °  °  toS1(cf&>/o(') °
p  l~  5  & * /£ & ) -  o ? (  | -  J -  a v > < a V d }
, (05)
I  O  ,  A \)m< A\> .
The number o f nuclei N ( A\ >  ) sh if ted  by an amount g rea te r  than8
A V  i s  ( 3 a^ htt r03) -O -  , where N is  th e  number o f resonant n u c le i ,in
the  sample. Then the  d is tr ib u tio n  g( A V  ) ° f  frequency s h if ts  caused 
by a  sing le  im purity is
< k N s
g C A \> )  =  -  d f ls >  _ (c«)
Combining Eqs. (C5) and (C6) th e  expression fo r g( A V  ) becomes
f  I -  A > < A * «  j
gUV)r M  I (AvyAv)^- ^ 4 v > m  ^ (C7>
O  ,  A ^ m < A V
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Next the  frequency s h if t  d is tr ib u tio n  due to  a number Nj o f im­
p u r it ie s  randomly d is tr ib u te d  throughout th e  sample must be calcu la ted .
Due to  the long range nature o f the  induced efg , the s a te l l i t e  t r a n s i­
tio n s  o f each nucleus are  s ig n if ic a n tly  affected  by many d e fec ts , even
12 —3a t very low defect concentrations (10 cm ). Thus one may use the
oO
c en tra l l im it theorem to  ca lcu la te  the frequency s h if t  d is tr ib u tio n  due 
to  a number Nj. of randomly d is tr ib u ted  d efec ts. According to  th a t theorem, 
th e  d is tr ib u tio n  w ill be gaussian with a second moment given by
< a v > %  =  N x  < a ^
where <AN>,a >q, i s  th e  second moment o f  g( A\^ )• Using the  re la tio n
, one finds
2. ^
where 0  i s  defined in  Eq. (7) ,  and i s  the charged defect density .
F in a lly , the r e la tio n  between the  d is tr ib u tio n  o f quadrupole 
frequency s h if ts  G. ( A V  ) (B asically  an inhomogeneous broadening), and 
the NMR lin e  shape G( V  ) must be estab lished . The quadrupole frequency 
s h if t  d is tr ib u tio n  i s  a gaussian function with second moment
( 2L7r < ^ ^ % )  e x p ( -  ^ Y z 09]
For the spin 3/2 case, the  magnetic resonance lin e  shape i s  
found through the expression
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_oo
A O )]
( e io )
where Gl / 2 ,  3 / 2 ^  Av> ) i s  the l in e  shape function of the  3/2-1/2 
t ra n s it io n  caused by o ther broadening mechanisms (as modified by the 
quadrupole s h if t s ) .  The f i r s t  argument in  the  functional dependence of 
Gl /2  3/2 1-8 t*1® center frequency fo r th e  1 /2-3 /2  tra n s it io n  and the sec­
ond is  intended to  represen t the e ffe c t the  s h if t  may cause on the l in e  
shape. The shape due to  other in te ra c tio n s  can be modified by the s h if ts  , 
e .g .,te rm s in  the d ipo lar hamlltonian th a t  are secu lar in  the absence of 
s h if ts  w ill become non-secular When the  s h if ts  are la rge  enough, thus 
modifying the width of th e  d ipo lar broadened l in e .  ®_i/2 and 
G 3 /2  -jyg are  the corresponding shape functions fo r those tra n s i t io n s .
The fac to rs  0 .3 , 0.U, and 0.3 are  weighting fac to rs  th a t a rise  from the 
tra n s it io n  m atrix elements for the  th ree  tra n s it io n s .
For the case o f low defect concentrations tre a te d  here , we 
ignore the e ffe c t of the frequency s h if t  upon the lin e  shape. Further
"  ° l /2 ,  3 /2(V l °  > " ° - l / 2 ,  1 /2 W | 0  > * ° -3 /2 , - l / 2 ( V5 °  ■>
= Gq ( ^  ) where Gq( V  ) i s  the lineshape in  the  absence o f the quad­
rupole in te ra c tio n . Then Eq.(CIO), in  view o f these approximations be­
comes
oo
'  O.H G o (v>) f  O .G  Q , (\HA\>) (O il)
I f  Gq( V  ) i s  & gaussian w ith second moment then
• - 4
6  m  -  0 .6  4  < a ^ 3  e x p  +<*>% )]
-1 (C12)
>  0 . 4  & 7 r < A \> ^ 1  e x p [ “ N > y a < A ^ > d “] ^
where \A is  centered a t the  Larmor frequency. Thus th e  second moment 
o f the composite l in e  is
<A>>a > =  <A\>*>» + 0 .4 > < A '> * ^) t o )
The Fourier transform  of G( \> ) i s  the FID function . Thus the
quadrupole broadened FID should have the form of Eq. (19) w ith I^ /Ig  * 2/3
and O t J . a  O ^ + t l ^ A V ^ .
